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Abstract 
Abstract 
Particles containing 55 % divinylbenzene (DVB) have been prepared using 
dispersion polymerisation. The steric stabilisers that have been utilised are 
partially hydrolysed poly(vinyl acetate)s, poly(ethylene oxide) and a 
poly( ethylene oxide) macromonomer in methanolic media. The concentrations of 
stabiliser, monomer and initiator have been varied to investigate the influence 
that they have on the particle size and the particle size distribution. The particles 
have been characterised by scanning electron microscopy (SEM) for a visual 
impression of the particles in addition to laser diffraction particle size analysis 
and hydrodynamic chromatography (HDC) for particle size. It has been shown 
that the dispersions stabilised by 72.5 % hydrolysed poly(vinyl acetate) in a 
continuous phase of75:25 methanol:water produced the best defined particles, 
but they are generally smaller than those produced using the other steric 
stabilisers that are utilised in a continuous phase of methanol. 
It has been shown that the diameter of particles can be increased using a 
seed/feed polymerisation, and the fmal particles retain the sphericity and the 
narrow particle size distribution of the seed dispersion. The seed particles have 
been produced using dispersion polymerisation with 72.5 % hydrolysed 
poly(vinyl acetate) as the stabiliser, with monomers including styrene, DVB in 
the concentration range 5 % - 15 %, and other styrenic type monomers. The feed 
monomers that have been utilised include styrene and DVB as well as other 
styrenic monomers with some functionality. The possibility of forming particles 
with a core-shell morphology by dispersion polymerisation has been established. 
Particles produced by dispersion polymerisation of styrene and 55 % DVB with 
partially hydrolysed poly(vinyl acetate)s as stabiliser have been derivatised with 
trifluoroacetic anhydride, which reacts exclusively with the OH groups present 
Abstract 
on the steric stabilisers. The derivatised particles have been analysed by x-ray 
photoelectron spectroscopy (XPS) and the percentage fluorine content calculated. 
From the fluorine content and knowing the degree of hydrolysis of the stabilisers 
the stabilising layer thickness and the area occupied per stabiliser chain have 
been calculated. It has been shown that the layer thickness decreases and the area 
occupied per stabiliser chain increases as the particle diameter increases. 
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Chapter I: Introduction 
Introduction 
Heterogeneous polymerisation is an easily controlled method for producing 
polymer particles in an inert medium. There are three basic types of 
heterogeneous polymerisation: emulsion, suspension and dispersion 
polymerisations. All three methods involve particles of polymer being produced 
and being prevented from aggregating by different types of stabilisation. In 
emulsion polymerisation the monomer is insoluble in the reaction medium, 
which is usually water, and polymerisation takes place in surfactant micelles. In 
suspension polymerisation the monomer exists as droplets in water and the 
initiator is monomer soluble. Polymerisation takes place in the monomer 
droplets, and the resulting polymer particles are stabilised by a polymeric 
suspending agent. Dispersion polymerisation is different from the other 
heterogeneous polymerisations as the monomer is soluble in the reaction 
medium, which may be polar or non-polar, and as polymer is formed the 
polymerisation becomes heterogeneous. The particles have an adsorbed 
dispersant which is either a homopolymer or copolymer. 
Aqueous emulsion polymerisation is the predominant commercial heterogeneous 
polymerisation; it can be used to prepare chains of high molecular weight in 
particles at high concentration while the overall viscosity of the liquid medium is 
relatively low. Water is a cheap, non-toxic and non-inflammable medium but it 
does give rise to problems as a vehicle for surface coatings, such as a slow and 
uncontrollable rate of evaporation. Dispersion polymerisation has received less 
attention in comparison to emulsion polymerisation, but it generally uses an 
organic continuous phase. 
Chapter I: Introduction 
1.1 Heterogeneous processes 
1.1.1 Precipitation polymerisation 
Precipitation polymerisation is similar to dispersion polymerisation except that 
there is no stabiliser present. The monomer and initiator are soluble in the 
continuous phase, which is a non"solvent for the polymer producedl•2 . The 
continuous phase is normally water or an organic solvent, but precipitation 
polymerisation will also occur when the monomer itself is a non-solvent for its 
polymer2,3. The polymer precipitates when oligomers, initiated in solution, reach 
a critical chain length and become insoluble in the continuous phase. The solid 
polymer is usually swollen to some extent with the monomer, as most monomers 
are good solvents for their polymers. Polymerisation can continue in the solid 
phase, which generally causes an increase in the polymerisation rate, due to the 
Trommsdorf effect2,3. The polymer produced is an agglomerated mass or a slurry 
of polymer due to the absence of the stabiliser required in dispersion 
polymerisation, and so control of particle size is not possible. 
1.1.2 Suspension polymerisation 
In suspension polymerisation the monomer is dispersed in the continuous phase 
as droplets by rapid stirring of the reaction mixture l,4. The continuous phase is a 
non-solvent for the monomer and is usually water. The initiator is monomer 
soluble and is therefore located in the monomer droplets; the polymerisation is 
initiated and then proceeds in the droplets l,2. Suspension and dispersion 
polymerisations can both be regarded as micro-bulk polymerisations4• The 
increase in viscosity during polymerisation of the monomer droplets due to the 
polymer being produced inhibits radical termination and may lead to the 
Trommsdorf effect2,3. The particles that are produced are normally between 0.001 
and 0.5cm in diameter and will sediment on standing because of their size. 
2 
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1.1.3 Emulsion polymerisation 
The monomer again exists as droplets, emulsified in an aqueous phase l ,4, BU,t, the 
locus of polymerisation is not the monomer droplets, The stabiliser present exists 
mainly as micelles, Classically, anionic surfactants are chosen but cationic and 
non-ionic polymeric stabilisers have been used, These are used at concentrations 
above the critical micelle concentration, Most of the stabiliser molecules exist as 
micelles but some help to stabilise the monomer droplets, A water soluble 
initiator instead of a monomer soluble initiator is used. Initiation probably 
proceeds between initiator fragments and monomer dissolved in the true aqueous 
phase. The radicals thus formed may then diffuse into micelles containing 
monomer and initiate polymerisation within these micelles. Micelles and 
monomer droplets are both capable of capturing radicals. However, probability 
favours the micelles because of their greater surface to volume ratio and the 
much greater number of micelles than monomer droplets. There is little or no 
polymerisation located in the monomer droplets. The monomer droplets act as 
reservoirs. The monomer diffuses into the micelles through the aqueous phase 
and polymerisation proceeds in the growing polymer particles4• These growing 
polymer particles adsorb any free stabiliser that is molecularly dissolved in the 
aqueous phase, and this process breaks down those micelles that do not contain 
polymer4• The number of particles is fixed at this point, and therefore according 
to Smith-Ewart kinetics the rate of polymerisation is also constant l . The polymer 
particles remain heavily swollen with monomer until the monomer droplets 
become exhausted. The monomer concentration within the polymer particle falls 
at this point and therefore the rate of polymerisation. Polymerisation can be 
adjusted so that only one radical can exist in small particles «0. I JlIll) with a 
monomer with a low water solubility, which allows high molecular weight 
polymer to be produced at high polymerisation rates I. This makes emulsion 
polymerisation a unique free radical polymerisation method. The particles 
produced are generally below I micron. 
3 
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1.1.4 Dispersion polymerisation 
There has been considerable commercial and academic interest in recent years in 
the preparation of polymer particles of uniform size and shape. There are a large 
number of applications for these type of products, including, ion-exchangers, 
surface coatings, calibration standards, medical diagnostics, supports for solid 
phase synthesis and chromatographic media for separations5•6. 
A typical dispersion polymerisation consists of mono mer, initiator and stabiliser, 
which are present in a homogeneous solution, with the continuous phase being 
generally based on an organic liquid2,3,7,8. The initiator decomposes on heating 
and the free radicals formed react with the monomer to form oligomeric radicals. 
At a critical chain length these radicals precipitate to form stable nuclei by 
adsorbing stabiliser,3. When formed these growing particles absorb monomer 
from the continuous phase. The particles are then the main loci for 
polymerisation2,3. This can be regarded as bulk polymerisation taking place in the 
growing particle2,3, Polymerisation continues until all the monomer has been 
consumed. The product is a dispersion of polymer particles in the continuous 
phase. The particles are generally within the range from 0.3 to 10 11IIl. Dispersion 
polymerisation is reviewed at greater length in chapter 2, 
1.2 Aims 
In the present work it was an objective to produce well defined particles 
containing a high concentration of divinylbenzene crosslinker using dispersion 
polymerisation with stabilisers based on partially hydrolysed poly(vinyl 
acetate)s. It was also desired to investigate the effect of varying the 
concentrations of stabiliser, monomer and initiator. Seed/feed reactions have 
been performed in an attempt to increase the particle diameter and this was then 
extended to include styrenic type monomers that could introduce some 
4 
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functionality to the final particles and produce particles with a core-shell 
morphology. X-ray photoelectron spectroscopy has been utilised in conjunction 
with chemical derivatisation to assess the surface coverage ofthe particles by the 
stabilising polymer chains. 
5 
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Theory and background 
2.1 Mechanism of free radical polymerisation 
Free radical polymerisation proceeds via three steps: initiation, propagation and 
termination. The initiation of one monomer molecule can then lead to a polymer 
chain containing hundreds or thousands of monomer units 1.9. 
Initiation is a two stage process. The first stage is the production of free radicals. 
This can be achieved in different ways such as: thermal initiation, photoinitiation, 
electrochemical initiation and the production of free radicals using high energy 
radiation. The thermal decomposition of organic molecules such as benzoyl 
peroxide (BPO) and azobisisobutyronitrile (AIBN) is a common method of 
initiation, as represented by 
(CJISCOO)2 -- 2 CJIsCOO" ....... 2 CJIs" + 2C02 (\) 
(2) 
The second stage is the addition of the free radical to the double bond ofa vinyl 
monomer to give a chain carrier. The regeneration of the radical is characteristic 
ofa chain reaction. Thus, ifR· is the primary free radical, then addition to an 
unsaturated monomer may be represented by 
(3) 
6 
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The initial chain radical produced is then capable of adding more monomer units 
to propagate the chain, according to 
H 
I 
R-(CH2CHX-)xCH2C· + CH2=CHX -+ 
I 
X 
The radicals generated have a strong tendency to react in pairs, resulting in loss 
of radical activity and the termination of the growing polymer chain. Large 
polymer molecules are produced because of the high concentration of mono mer 
molecules in comparison to radicals. 
Termination can occur in two ways, combination and disproportionation. 
Combination 
H H H H 
I I I I 
-CH2C· + ·CCH2- -+ -CH2C- CCH2- (5) 
I I I I 
X X X X 
Disproportionation 
H H H H 
I I I I 
-CH2C· + ·CCH2- -+ -CH2C-H + C=CH- (6) 
I I I I 
X X X X 
In addition to these three essential steps, other side reactions such as chain 
transfer can occur. This is the transfer of radical activity to another molecule. If 
this molecule is saturated as with carbon tetrachloride an atom is transferred to 
the existing radical. 
7 
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H H 
I I 
-CH2C· + CCI4- -> -CH2CCI + ·CCI3 (7) 
I I 
X X 
When the molecule is unsaturated such as, a monomer, the atom, that is usually 
hydrogen, can be transferred in either direction. 
H -CH2CH2X + CH2=C· 
I / I 
-CH2C· + CH2=CHX X 
I ~ (8) X H 
I 
-CH=CHX + CH3C· 
I 
X 
Chain transfer to a small molecule like solvent, initiator or an added chain 
transfer agent as well as transfer to monomer results in a new polymer chain. 
When the chain transfer is to a polymer chain, a branched molecule is produced. 
Some molecules will not chain transfer but stop polymerisation. A retarder or 
inhibitor is a species that will react with a radical and form a product that is 
incapable of further polymerisation. A retarder will reduce the concentration of 
radicals and shorten their lifetime, thus producing shorter chains. An inhibitor is 
a very efficient retarder that will prevent any polymerisation from taking place. 
The distinction between a retarder and an inhibitor is just one of degree; phenolic 
compounds are retarders and examples of inhibitors are benzoquinone and 
oxygen. 
8 
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2.2 Kinetics of free radical polymerisation 
2.2.1 Initiation 
The two stages of initiation can be expressed as : 
Initiator decomposition 
k.i 
I -> 2R- (9) 
Radical addition 
ki 
R- + M -> RM· (10) 
The initial decomposition is slow in comparison to the addition of the primary 
radical and to termination. Therefore, it is the rate determining step. The rate of 
initiation, Vj, is then equal to the rate of production of chain radicals. 
Vi = d [RM'] / dt = 2k.Jf[I] (11) 
A factor of two is included because the decomposition of an initiator molecule 
produces two radicals capable of adding a monomer unit./is a fraction that 
allows for the ability of the primary radicals to propagate a chain, termed the 
initiator efficiency. Equation (11) is the rate expression for thermal 
decomposition of an initiator. 
2.2.2 Propagation 
RMn' + M -> RMn+I' (12) 
The rate of propagation, vP' is assumed to be the same for each step, 
Vp = kp [M][M'] (13) 
9 
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where [Mo] is the concentration of growing chains, participating in reaction (12)0 
Propagation can be measured by the rate of disappearance of monomer, as it is 
essentially the conversion of monomer to polymero 
2.2.3 Termination 
The rate of termination, Vb can be expressed as, 
Vt = 2kt [Mo] [Mo] (14) 
The rate constant kt is actually (ktc + kuI), the rate constants for combination and 
disproportionationo 
A steady state can be reached where the rate of initiation equals the rate of 
termination, Vi = Vt. For a reaction involving the thermal decomposition of an 
initiator 
2kJ[l] = = 2kt [Mof 
and from this an expression for [Mo] can be found 
[Mo] = {fktt [I] / kt} 1/2 
(15) 
(16) 
The concentration of radicals is usually low and therefore difficult to determine 
accurately and equation (16) is substituted into equation (13)0 This gives an 
expression for the overall rate of polymerisation, vpo 
Vp = kp{fktt [I] / kt } 1/2 [M] (17) 
This expression shows that when the initiator efficiency,/, is high the rate of 
polymerisation is proportional to [I] 112 and [M]. But, when the initiator has a low 
10 
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efficiency, f is proportional to [M] and therefore the rate of polymerisation is 
proportional to [M]3/2. 
The kinetic chain length, v, and the average degree of polymerisation, Xn, can be 
derived from the analysis above. These parameters are related depending on the 
type of termination that occurs. When combination is the only method of 
termination Xn = 2v and for disproportionation Xn = v. Under steady state 
conditions 
(18) 
which shows that the kinetic chain length is inversely proportional to the rate of 
polymerisation. 
11 
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2.3 Steric stabilisation 
The attractive forces that exist between particles will cause them to rapidly 
aggregate unless a repulsive force of sufficient magnitude can be generated to 
prevent close contact of the particles2• This is generally performed in two ways. 
The first is electrostatic repulsion, which occurs when two surfaces of like charge 
approach each other. The second is used when electrostatic repulsion is 
unavailable, such as in the organic liquids used for the continuous phase of a 
dispersion polymerisation. A physical barrier is formed and the forces generated 
when two surfaces coated with a layer of adsorbed soluble polymer chains 
approach each other provide the repulsion, which is termed steric stabilisation1o• 
Steric stabilisation is a generic term, which includes all aspects of the 
stabilisation of colloidal particles by non-ionic molecules. 
2.3.1 Attractive forces between particles 
The forces of attraction between particles, usually called van der Waals forces, 
are caused by interactions between the atoms and molecules that form the 
particles. The departure of real gases from ideal behaviour, as described by van 
der Waals, stimulated the first interest in these forces. 
This force of attraction was described in terms of the interactions between the 
permanent dipoles of molecules, where pairs of molecules arrange themselves so 
that their dipoles were aligned and so maximised the attractive force. This force 
of attraction tends to decrease as the temperature increases due to thermal 
vibration that reduces the alignment of the dipoles. Another force of attraction 
was described; this was the interaction between the permanent dipole of one 
molecule and the induced dipole of an adjacent molecule. This attraction will 
also decrease with increasing temperature if the second molecule has a preferred 
direction of polarisation. If the second molecule has no preference, the variation 
of attraction will be small as the induced dipole can easily follow the random 
12 
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motions of the permanent dipole. The cause of attraction between non-polar 
molecules was explained by Londonll. The Heisenberg uncertainty principle 
means that the electrical field of any atom or molecule fluctuates randomly. 
These fluctuations could cause a temporary dipole that would then induce a 
dipole in an adjacent atom or molecule; the electrical fields of these two atoms or 
molecules could then oscillate together to form an attractive force between them. 
Approximate calculations using the Hamakerl2,13 integration indicate that for a 
typical colloidal system the forces of attraction between particles may operate 
over distances of several tens of nanometres. This can be significantly reduced in 
medium sized particles down to a minimum distance of 10 nm by the retardation 
effect recognised by Overbeekl4. The Hamaker integration makes assumptions 
that are not valid for colloidal systems; therefore some refmements are required 
for the method to be applied to colloidal systems. The original Hamaker 
calculations were for two condensed bodies separated by a vacuum. For colloidal 
systems separated by a liquid medium there are two ways in which the medium 
can affect the forces of attraction. 
The primary medium effect is to do with the influence of the liquid medium on 
the transmission of the London field between the atoms and molecules of the 
particles and the second effect concerns the attraction of the particles for the 
medium. The London field can be modified in two ways. The strength of the 
radiation field is inversely proportional to the dielectric constant of the medium. 
Secondly, and probably more importantly, the optical path length between the 
particles is increased in proportion to the square root of the dielectric constant of 
the medium. The effect of the liquid medium reduces the force of attraction and 
also means that retardation can operate at much closer range. 
The secondary medium effect concerns the interaction between the liquid 
medium and the particles. The overall energy of aggregation is given by the 
difference between the energy required to separate two particle-medium pairs and 
the energy released by the formation of the corresponding particle-particle and 
13 
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medium-medium pairs. Therefore, the energy of aggregation is usually much 
smaller for particles in a liquid medium than for the same particles in vacuum. 
The assumption that these interactions take place between isolated pairs of atoms 
and molecules as in a low pressure gaseous system for colloidal systems is 
unreasonable. Each atom and molecule is surrounded by many other atoms and 
molecules, all of which are in a range of attraction of one another, both within the 
particle and liquid medium and between the particle and medium. This could be 
accounted for by modifying the Hamaker procedure but this has not been carried 
out. An alternative approach has been offered by Lifshitz lS, the continuum 
electrodynamic model. This is based on the concept that the bodies are ideal 
continua that have the same dielectric properties throughout. Experimentally 
determined values for the electromagnetic constants of the bulk phases involved 
are used to allow for the complex multi-body interactions. This model has the 
advantage that it automatically incorporates the retardation and medium effects 
that have to be corrected for in the Hamaker model. The continuum theory has 
good agreement with direct measurement of attractive forces between solids in 
vacuo. The complex mathematical calculations required for the continuum 
electrodynamic model mean that the Hamaker model is usually employed for 
calculating the attractive forces between colloidal particles despite its 
fundamental defects. Also, there is good agreement between the continuum and 
Hamaker theories provided the dielectric perrnittivities of the particles and the 
medium are similar, as is the case for organic polymers in hydrocarbons. 
2.3.2 Failure of charge stabilisation in organic media 
According to DVLO (DeIjaguin-Landau-Verwey-Overbeek)14,16 theory, stable 
dispersions of charged particles exist when the repulsion energy of the 
approaching particles exceeds the inherent attractive van der Waals' forces2• In 
aqueous systems these repulsive forces can exist at long range in low 
concentration dispersions. Charge stabilisation is very successful at all accessible 
concentration in aqueous media but fails to stabilise polymer particles in organic 
14 
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liquids. This is due to the low dielectric constants of organic liquids usually used 
to disperse polymer particles, in relation to the dielectric constant of water. The 
charge capacity of a particle in water is much larger than for a similar particle in 
an organic liquid. Consequently, the force of repulsion of a particle in water will 
be much greater than in a typical organic liquid, between one and two orders of 
magnitude greater. The large reduction in the force of repulsion in typical organic 
media results in the failure of charge stabilisation. Therefore, steric stabilisation 
. is used to produce stable colloidal dispersions in non-aqueous media. 
2.3.3 Models for steric stabilisation 
When two surfaces, each covered by a layer of adsorbed soluble polymer chains, 
approach to within a distance less than the combined thickness of the adsorbed 
layers an interaction between the polymer layers will occur. This interaction, in 
most cases, will generate a repulsive force between the two surfaces, which is the 
source of steric stabiIisation. 
2.3.3.1 Volume restriction model 
As shown in Figure 1, an impenetrable secondary plane parallel surface is 
brought to a distance h, which is less than the thickness 0 of the adsorbed layer 
on the primary surface, from the primary plane surface with the adsorbed 
polymer chains, which are compressed. The compression reduces the possible 
number of configurations for the chains and an overall decrease in entropy 
results. 
The first expression, by Mackor17, treated the polymer chains as rigid rods, 
firmly attached but freely jointed at one end to the particle surface. It was also 
assumed that the rods were volumeless. This means that there is no repulsive 
force between two surfaces with adsorbed polymer chains until the distance 
between them is less than 0, the length of one polymer chain, i.e. there is no 
15 
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interaction between the polymer chains, just between the polymer chains and the 
particle surfaces. 
These theories were developed by Meier18 and Hesselink and co-workers l9, who 
considered the polymer chains to be long and flexible, which is obviously more 
realistic. These treatments gave complex expressions that included unknown 
parameters, which made their application to real systems difficult. 
/,/(/// 
/:l2~ ~ ') 
~?,/, .. /,. .// 
./ 6 " / / 
1) = thickness of adsorbed layer of polymer chains 
h = distance of separation of surfaces / / / 
Figure 1 The loss of configurational entropy on approach of two planar 
surfaces for flexible chains 
Clayfield and Lumb20,21 had a similar but more sophisticated approach to Meier 
and Hesselink. They used a four-choice lattice to generate their chains instead of 
a six-point lattice. They also introduced a specific bond angle of 90° and a chain 
segment was not allowed to occupy an already occupied site; i.e. the chain was 
not volumeless. Using the Clayfield model there are fewer possible 
configurations for the polymer chain than if the Hesselink model is used. It 
follows that the number of configurations lost on approach of a secondary 
surface is fewer for the Clayfield model and the subsequent repulsive force 
calculated using the Clayfield model is also much less. Because there is volume 
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to real chains the Clayfield model provides a much better simulation of a real 
system than the Hesselink and Meier models, which overestimate the repulsive 
force due to the volume restriction term. Clayfield and Lumb give a more 
accurate estimate of the repulsion but do not consider the interpenetration of the 
two layers of adsorbed soluble polymer chains, treating them as if there is an 
impenetrable layer between them. 
2.3.3.2 Models with interacting polymer chains 
All of the volume restriction models assume no interaction between the polymer 
chains attached to each surface. The chains are assumed to have either no volume 
or that they do not interpenetrate each other. Polymer chains in real systems 
obviously do have volume and interpenetrate and interact with each other. This 
interaction between segments of the two chains can generate a repulsive force, 
see Figure 2. 
Fischer suggested that the repulsive force generated by steric barriers was due to 
the overlap of the adsorbed polymer layers22. It was assumed that the polymer 
layers had a definite thickness and that the concentration of polymer segments 
was uniform throughout. When the two surfaces approached if there was no 
redistribution of the polymer chains, the overlap region would have double the 
concentration of polymer chains. The change in the free energy of mixing of this 
overlap can be calculated using the geometry of the system and the necessary 
thermodynamic parameters derived from the Flory treatmenr3• This is known as 
the mixing or osmotic term, in which the solvent molecules tend to diffuse into 
the overlap region causing a rise in the osmotic pressure and generating 
repulsion. In a good solvent the free energy of mixing will be repulsive, and 
work will have to be done for overlap to occur. In a theta solvent there would, in 
principle, be no change in the free energy of mixing and in a thermodynamically 
poor solvent the free energy of mixing would be attractive, leading to 
aggregation. 
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Figure 2 Model of steric repulsion by overlap of dissolved polymer chains 
The Fischer modef2 has two defects. Firstly, the concentration of polymer 
segments in the adsorbed layer is assumed to be uniform. Secondly, it does not 
take into account the redistribution of the polymer chains in the overlap region. 
Also, the model becomes meaningless when the distance between the particle 
cores becomes less than the thickness of the adsorbed layer as the particle core is 
being considered to be part of the overlap region. These defects result in the 
overestimation of the repulsive force, particularly when the overlap is first being 
formed. Thus, a model that allows for the redistribution of the polymer chains 
would be much more realistic. 
Doroszkowski and Lambourne24 proposed a model that allowed for the 
redistribution of the adsorbed polymer chains. In this case the polymer chains are 
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considered to be irreversibly attached to the particle surface and as the particles 
approach the polymer segments rearrange to give a new uniform concentration 
for the overlap region. The repulsive force that is generated can be calculated in 
two ways, from the force produced or from the free energy of mixing. 
Hesselink, Vrij and OverbeeklO showed that the main parameters that determine 
the total free energy of steric interaction are: 
I - The number or mass density of the stabilising chains 
2 - The molar mass of the stabilising chains 
3 - The modes of attachment of the stabilising chains to the particle surface 
4 - The polymer solvent interaction 
5 - Particle geometry 
6 - The van der Waals' attraction between particles 
Large repulsive forces can be generated at small degrees of interaction between 
adsorbed polymer layers if the continuous phase is a good solvent for the 
stabilising chains. 
2.3.4 Enthalpic and entropic stabilisation 
The models for steric stabilisation above have shown that the free energy change 
(~G) has contributions from both the enthalpic (~) and entropic (-T~S where T 
is temperature) terms, where in Figure 3 volume restriction and overlapping 
interactions are displayed as 3 (a) and 3 (b) respectively. 
~G=~-T~S (19) 
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When both the enthalpic and entropic tenns are negative, the enthalpic change 
favours aggregation and the entropic term opposes it as the total free energy 
change has to be positive for repulsion to occur. This is known as entropic 
stabilisation because the entropic term is the one that controls whether there is 
repulsion and successful stabilisation. Entropic stabilisation is characterised by 
aggregation on cooling. When both the terms are positive and the situation is 
reversed, the enthalpic tenn is the dominant one, enthalpic stabilisation, and this 
is characterised by aggregation on heating. When the enthalpic term is positive 
and the entropic term is negative they both favour stabilisation. This combined 
enthalpic-entropic stabilisation is stable at all accessible temperatures but it is 
possible to get aggregation on changing the temperature due to the change from 
enthalpic to entropic stabilisation or vice-versa. 
2.3.5 Requirements for a suitable steric stabiliser 
A stable dispersion system will be produced if a continuous barrier of soluble 
chains of sufficient thickness, and concentration can be maintained at the surface 
of the particles when collisions occur. This barrier provides sufficient repulsive 
force to prevent the particle cores touching during collisions. To maximise 
stabilisation the continuous phase should be a thennodynamically good solvent 
for the stabilising polymer chains. Also, for effective stabilisation there should be 
no stress relieving effects such as desorption and the redistribution of the 
stabilising polymer chains at the particle surface during particle collisions. 
Therefore, the adsorption energy for the stabilising chains should be high. 
The stabiliser molecules must be strongly attached to the particle cores to prevent 
displacement or desorption at high temperatures and in strong solvent 
environments, thus exposing the particle cores, which will then aggregate during 
collisions. Homopolymers and random copolymers that are soluble in organic 
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Figure 3 The entropic (a) and enthalpic (b) interactions for the soluble 
polymer chains 
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media are too weakly adsorbed on the particle surface and are easily displaced or 
desorbed during collisions2•25• The incorporation of highly polar molecules in to 
soluble polymer molecules does not improve adsorption unless there are strong 
acid-base pairings at the particle surface25 • Dispersants that are used for organic 
pigments and other fme particles have been just as unsuccessful as soluble 
polymers in stabilising dispersions in organic media. The polar groups present on 
these other particles are generally absent in commercially available polymers, 
which leads to weak adsorption. The most useful stabilisers are block or graft 
copolymers that consist of a soluble component and an insoluble component. The 
soluble component must have sufficient sequence lengths to provide effective 
stabilisation and the insoluble component must have sufficient sequence lengths 
to anchor to the particles without becoming dislodged on collision with other 
particles. 
2.3.5. I Block and graft copolymers 
The soluble component extends into the continuous phase and forms the steric 
barrier that provides stabilisation. The insoluble or anchor component attaches 
the soluble component to the particle surface, thus preventing displacement. 
Together, the two components form a steric barrier that completely covers the 
particle surface. For successful stabilisation there needs to be a balance between 
a large enough anchor to form a sufficiently strong adsorption to the particle and 
a soluble component that extends far enough into the continuous phase to provide 
effective stabilisation. If the anchor is too small or does not have specific 
interactions with the particle surface, the stabiliser can be displaced. 
Alternatively, if the anchor is too large the stabilising chains will form stable 
aggregates that do not readily dissociate. The polymer precipitates will then 
themselves aggregate because of the lack of available stabilise~'IO. Some 
stabilisers have multi blocks of the soluble and anchor segments. 
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2.3.5.1.1 The soluble component 
The soluble component provides a layer of polymer in dilute solution on the 
surface of each particle, which is responsible for the stabilisation of the 
dispersion against flocculation. The chemical nature of the particle is not very 
important because the attractive forces between the particles are insignificant in 
relation to the magnitude of the repUlsive forces generated by the steric barrier. 
The soluble component is also separated from the particle by the anchor 
component. Therefore, the particle does not influence the choice of soluble 
component much. Chains with a molar mass of 300-400 have been used to 
stabilise dispersions, but these are branched chains and successful barriers are 
difficult to construcr6. A more typical minimum molecular weight for a soluble 
polymer to provide effective stabilisation would be 1500 - 18002• It has not been 
completely proven that a higher molar mass or thicker stabilising layer will 
always provide better stabilisation against aggregation. 
The main consideration when a soluble component is being chosen is that it is 
freely soluble in the dispersion medium that will be used. For effective 
stabilisation the dispersion medium must be better than a theta solvent for the 
soluble polymer chains. The dispersion medium must also be insoluble for the 
polymer being produced. The failure of stabilisation can usually be traced to the 
incorrect choice of soluble polymer for a given continuous phase, provided there 
is complete surface coverage. 
2.3.5.1.2 The anchor component 
The role of the anchor component is to prevent the soluble stabilising chains 
from moving away from the area of interaction when particles collide. The chains 
can move in two ways, displacement and desorption. Ensuring that the soluble 
chains provide total coverage of the particle surface can usually eliminate 
displacement. During polymerisation the monomer-swollen particle will be a 
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viscous semi-liquid medium, making displacement more likely than desorption. 
Desorption can be prevented by strong physical or chemical attachment to the 
particle by the anchor component. Although the molar mass of the anchor 
component is not critical in most cases, it must be long enough to be insoluble in 
the continuous phase, and therefore become associated with the particle. It has 
been shown that under normal conditions most non-crystalline polymers will 
absorb almost any anchor group of low molar mass, but it is convenient if the 
anchor has the same or similar chemical composition to the particle. 
2.3.6 The production of core graft copolymer stabilisers 
The core grafting onto a soluble polymer is a simple method that is widely used. 
The polymer that will form the soluble component is dissolved in the continuous 
phase. Then, the monomer which is to become the disperse phase polymer and an 
organic peroxide are also dissolved in the reaction medium. The reaction mixture 
is heated to initiate polymerisation. Oligomers are formed that then precipitate at 
a certain chain length and via chain transfer or hydrogen abstraction the soluble 
polymer can graft these disperse phase polymer chains to form the fmal stabiliser 
molecule, Figure 4. The graft copolymer molecule will then stabilise the nuclei 
and the growing polymer particle. The formation of the graft copolymer is 
dependent on the production of radical sites on the soluble polymer molecules 
either by hydrogen abstraction or radical addition to a double bond. Peroxide 
initiators are preferred to cyano-alkyl initiators because their radicals are known 
to be more effective at hydrogen abstraction3. 
Some dispersions are stabilised in this way to some extent, but many polymers 
are not very efficient graft copolymer precursors because they have few sites for 
grafting. 
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Figure 4 The stages in the production of random graft copolymer stabiliser 
molecules in dispersion polymerisation 
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2.4 Dispersion polymerisation 
There has been considerable commercial and academic interest in recent years in the 
preparation of polymer particles of uniform size and shape7,8, There are a large 
number of applications for these type of products, including, ion-exchangers, 
surface coatings, calibration standards, medical diagnostics, supports for solid phase 
synthesis and chromatographic media for separations5,6. 
A typical dispersion polymerisation consists of mono mer, initiator and steric 
stabiliser, which are present in a homogeneous solution with the continuous phase 
being generally based on an organic liquid. The initiator decomposes on heating and 
the free radicals formed react with the monomer to form oligomeric radicals. At a 
critical chain length these radicals precipitate to form stable nuclei by adsorbing 
stabiliser. When formed these growing particles absorb monomer from the 
continuous phase. The particles are then the main loci for polymerisation. This can 
be regarded as a bulk polymerisation taking place in the particle. Polymerisation 
continues until all the monomer has been consumed. The product is polymer 
particles dispersed in the continuous phase. The particles are generally within the 
range 0.3 - 10 f1Il1. An early review of dispersion polymerisation was published by 
Barrete and there have been subsequent reviews by Kumar and Butler? and 
Jayachandran and ChatteIj{ 
2.4.1 Influence of initiator concentration 
It is well established that particle size increases as the initiator concentration 
increases if all other reaction parameters remain the same, with Tuncel et al. 27 and 
Winnik. et al.28 both showing this dependence. An increase in initiator concentration 
increases the number of free radicals for polymerisation. Winnik et al. 28 showed that 
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polymerisation starts with more radicals per unit volume at higher initiator 
concentration, which leads to polymer chains with lower molecular weight that are 
more soluble in the medium. Due to a lower concentration of high molecular weight 
chains, fewer polymerisable nuclei are produced, leading to a lower number of 
particles but of a larger size. Ober and Hair9 agreed that an increase in initiator 
concentration produced an increased concentration of free radicals and the highest 
concentrations of free radicals produced the largest particles with the 
correspondingly lower molecular weight. Chen and Yang30 also suggested that 
producing lower molecular weight polystyrene meant that the HPC-polystyrene 
copolymer produced in situ, via a grafting reaction between the hydroxy propyl 
cellulose (HPC) present at the start of the reaction and the polystyrene chain 
produced during the polymerisation, was a less effective stabiliser and this 
contributed to the larger particles produced at higher initiator concentrations. Tunce1 
et aI.27 studied the dispersion polymerisation of methyl methacrylate in a diluent of 
trimethylpentane/carbon tetrachloride and AlBN as the initiator. They suggested 
that the increase in particle size with increased initiator concentration was related to 
the kinetics of the particle forming process in conjunction with the operational 
efficiency of the stabiliser. 
Paine et a1.3] and Tseng et al.32 reported that particle size had a power dependence of 
0.4 on the initiator concentration. Larger particle size is due to the higher number of 
oJigo radicals at higher initiator concentration. It was suggested that the limited 
availability of stabiliser, because of the large number of nuclei, and the decrease in 
the stabilising power of grafted chains aid the aggregation process and give larger 
particles. They also observed an increase in particle polydispersity at high initiator 
concentrations. This is due to the larger particles having a smaller total surface area 
per unit mass, and they adsorb stabiliser less efficiently than smaller particles. It was 
also found that there was an optimum concentration to produce monodispersed 
particles under given conditions, with higher initiator concentrations requiring 
higher stabiliser concentrations to produce monodispersed particles. However in 
another case33, lower initiator concentration and higher stabiliser concentration lead 
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to polydispersed particles. This shows that there is a delicate balance between 
initiator and stabiliser concentrations to produce monodispersed particles. 
It has been shown that an initiator with a high decomposition rate is equivalent to a 
higher initiator concentration32,33,34. The rate of decomposition of initiators is 
represented by their half-lives, and an initiator with a shorter half-life decomposes 
faster and yields more nuclei. Horak et al.34 compared the use of AIBN (half-life 
289 mins) and BPO (half-life 1049 mins) in ethanol at 70°C, and they showed the 
influence of initiator on particle polydispersity. While AIBN at I wt% concentration 
gave narrowly dispersed particles, 4.1 wt% ofBPO was required to produce the 
same result. But 4.1 wt% of AIBN gave polydispersed particles. Bamnolker and 
Margel35 found that for similar concentrations of BPO and AIBN the particles 
formed using BPO were of smaller size and had a narrower size distribution. The 
half-life ofBPO is much larger than AIBN and is therefore equivalent to having a 
lower initiator concentration, which lowers particle size and polydispersity i.e. the 
particle size is also dependent on the decomposition rate, a higher decomposition 
rate producing larger fmal particles. 
The initial rate of monomer conversion increases with an increase in initiator 
concentration 27,29. An increase in initiator concentration causes a decrease in fmal 
molecular weight, which is consistent with conventional free radical polymerisation. 
The molecular weight increase at high conversion is due to the growth phase of 
polymerisation within the monomer-swollen particles. The total molecular weight 
distribution does not vary greatly. Almog and Levy36 found a bimodal molecular 
weight distribution when particles of -lO!J.Ill were produced using AIBN, benzoyl 
peroxide and particularly lauroyl peroxide as the initiators. The second peak was 
attributed to an emulsion polymerisation process producing chains. 
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2.4.2 Influence of temperature 
An increase in temperature causes an increase in final particle size and 
polydispersity29,33,34,37. The molecular weight of the polymer produced reduces with 
an increase in temperature30, and the inverse relationship between particle size and 
molecular weight is the same as that observed with initiator concentration. An 
increase in temperature will increase the decomposition rate of initiator and the 
number of radicals generated, which as explained above increases particle size. The 
rate of polymerisation is higher at raised temperatures38. 
Temperature affects both thermodynamic factors, such as particle stability, and the 
kinetics of the polymerisation reaction8. The accelerated kinetics of initiation, 
propagation and termination causes an increase in the concentration of precipitated 
chains and the chains are generally of shorter length41. Ober and Hai~9 suggested 
that the shorter chain length means that there are fewer chains of sufficient length to 
precipitate leading to larger particles. The increase in temperature also increases the 
critical chain length, so polymerisation in the solution phase increases as the 
temperature rises. The increase in critical chain length depends on the variation of 
the solvency of the medium with temperature8. The true stabiliser for a system is 
often thought to be a copolymer of the monomer and the original stabiliser, with the 
monomer segment of the chain acting as the anchor for the original stabiliser. The 
shorter chain length means that copolymers of stabiliser and monomer are more 
soluble and do not anchor as we1l33. There is also a decrease in the adsorption of 
stabiliser due to the decreased viscosity of the medium and the increase in solubility 
of the stabiliser in the medium34. There is also an increase in the growth rate of the 
particles. All of these factors can cause an increase in particle size. 
It has been shown that temperature affects the polymerisation more at lower 
conversion27, when the main locus of polymerisation is in the solution phase, than at 
high conversion when the locus of polymerisation is mainly in the particle phase. 
Ober and Lok39 showed that a temperature was increased after 10% monomer 
conversion the particle size distribution of the particles produced was still 
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monodispersed but with an increased rate of reaction. The number of particles is 
determined early in the reaction at the nucleation stage. When this is completed the 
temperature can be raised to accelerate the rate of reaction in the growth stage 
without changing the particle size distribution. This supports the theory that the 
temperature is more important at the particle formation stage early in the reaction 
than at the growth stage later on. Saenz et al. also recommended an increase in 
temperature after the nucleation phase to produce particles with a narrow particle 
size distribution 40. 
2.4.3 Influence of monomer concentration 
Numerous monomers7•8 have been used in dispersion polymerisation to form 
homopolymers and copolymers. Styrene and methyl methacrylate are the two most 
investigated monomers, and the discussion here will refer mostly to them. The 
initial monomer concentration is critical in determining the number of particles and 
their size and size distribution. 
The initial monomer concentration is important because the number of particles is 
determined very early on in the reaction. The rate of reaction is proportional to 
monomer concentration as with conventional free radical polymerisation kinetics41 . 
When the monomer concentration is too low the nucleation efficiency will be poor 
but when it is too high the rate of production of oligomeric radicals will be too rapid 
and uncontrolled aggregation will occur. Also, oligomers present in solution can 
initiate particles and broaden the particle size distribution. In general an increase in 
monomer concentration will increase the particle size, but the polydispersity of the 
distribution may increase as we1l30.31.32.35.39. At a critical concentration coagulation 
occurs and coarse particles with a large size distribution are produced. 
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The monomers used generally have a much lower solubility parameter than the 
diluents, when the diluents are alcohols or water and alcohol mixtures. An increase 
in initial monomer concentration will cause a decrease in the solubility parameter of 
the medium in the early stages of the reaction8. The solubility parameter will then 
increase steadily with the consumption of monomer as the polymerisation 
progresses. This change in polarity during the polymerisation is substantial only at 
high initial monomer concentrations and could lead to polydispersed particles34• 
An increase in monomer concentration makes the reaction medium a better solvent 
for the polymer chains, causing them to precipitate at longer length and produce 
larger particles35 • The reaction medium is also a better solvent for the graft 
copolymer stabiliser and reduces its efficiency, which also helps produce larger 
particles, if there is too much monomer present. 
Tuncel et aL27 investigated the monomer/dispersion medium ratio. They found that 
an increase in this ratio increased the polymerisation rate and monomer conversion 
as well as the fmal particle size. As the other parameters affecting the particle size, 
namely initiator and stabiliser concentration and solvent polarity were unchanged, 
then the number of nucleation centres would remain the same and so as the number 
of monomer molecules increased the fmal particle size also increases. Chen and 
Yang30 and Banmolker and Margel 35 found that an increase in monomer 
concentration caused an increase in final molecular weight, particle size and 
polydispersity of the particle size distribution. The increase in particle size and in 
molecular weight is opposite to what has been found in changing the initiator 
concentration and temperature where an increase in particle size was accompanied 
by a decrease in molecular weight. Paine et aL31 found that increased monomer 
concentration caused an increase in particle size, and 5 - 35 voL% styrene produced 
monodispersed particles of2 - 81Jlll. Either side of this region bimodal or 
polydispersed particles were produced. The molecular weight was constant above 5 
vol.% styrene. They concluded that the main effect of the monomer concentration 
was the change in initial solvency of the reaction medium. 
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Winnik et al.28 noted that the observed increases in size are probably due not just to 
the increased solvency, due to the increased monomer concentration, for the 
polymer but for the stabiliser as well. This makes the stabiliser less efficient, and 
this implies that coalescence of newly formed nuclei could be an important 
mechanism in the forming of large particles. As the situation is complicated, 
competing processes can produce anomalies. Shen et a1.33.41 reported an increase in 
particle size with an increase in monomer concentration, 5 - 20 wt%, but showed an 
initial decrease with a minimum at 10 wt% and then an increase with increasing 
monomer concentration. The authors attributed this to the overall result of two 
competing processes: a) the improved solvency of the growing chain due to high 
monomer concentration and b) an increase in the extent of grafting onto the 
stabiliser. While the improved solvency would lead to larger particles, an increase in 
grafting promotes the stabilisation of smaller particles. The balance between these 
processes would depend on various reaction parameters and the chemistry and 
molecular weight of this specific stabiliser. 
There is not good agreement on the effect of monomer concentration on molecular 
weight. Although initially the molecular weight does seem to increase as the 
monomer concentration increases, there then comes a point where the rise in 
molecular weight stops and levels oue I,3s. 
2.4.4 Influence of stabiliser 
Particles dispersed in organic diluents cannot be stabilised by electrostatic repUlsion 
used in aqueous systems. It is necessary to form a physical barrier of soluble 
polymer attached to each particle to prevent flocculation by a mechanism termed 
steric stabilisation. The stabilising polymer chains have to be able to maintain 
complete surface coverage. They must be firmly anchored to the particle and not 
move along the surface or desorb when the particles collide. An effective stabiliser 
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has two necessary components: an insoluble anchor component that will strongly 
adsorb to the polymer particle and a soluble component in the continuous phase to 
provide effective stabilisation. 
Many stabilisers have been used in dispersion polymerisation in polar organic 
media; they include poly(acrylic acid) (PAA)27,3\ (hydroxypropyl)cellulose 
(HPC)30,34,39, poly(vinyl pyrrolidone) (pvp)31.33,34,35,41, partially hydrolysed 
poly(vinyl acetate) (pVA)42 and macromonomers ofpoly(ethylene oxide) (PEO)43 
and poly(2-oxazoline)44. 
There has also been some work perfonned with a steric stabiliser in conjunction 
with an electrostatic stabiliser, and Almog and Levy45 were among the fIrst to report 
results. They used poly(vinyl alcohol) (PVA) and sodium dodecyl sulphate (SDS) as 
the steric and electrostatic stabilisers respectively. There has been some discussion 
as to whether co-stabilisers are necessary or not; some groups have found them to be 
essential to produce stable particles with narrow size distributions32 and others claim 
the same costabilisers have no effect46. For the purposes of this section, dispersion 
polymerisation involving only one steric stabiliser will be examined. 
Reviews of dispersion polymerisation by Kumar and Butler7 and Jayachandran and 
ChatteIji8 have shown that an increase in the concentration of stabiliser decreases 
the fmal particle size. This is the opposite effect to an increase in concentrations of 
monomer and initiator, which increase particle size7,8. An increase in the molecular 
weight of the stabiliser can also decrease fmal particle size28,3o. There have also been 
reports that an increase in the concentration of stabiliser raises polymerisation rate 
. and final monomer conversion27. Steric stabilisers can be divided into two 
categories, polymeric and macromonomers. Polymeric steric stabilisers are 
generally homopolymers, random copolymers, or amphiphilic block/graft 
copolymers. 
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2.4.4.1 Polymeric stabilisers 
2.4.4.1.1 Homopolymers and random copolymers 
Dispersion polymerisations of styrene in polar media to produce monodispersed 
particles using pvp3., PAA27, partially hydrolysed PVA (35 mol %)42 and 
HPC30,39.47 as stabilisers with no additional surfactants have been investigated. 
For the dispersion polymerisation of styrene using HPC as a stabilise~o.39.47, a HPC-
polystyrene graft copolymer formed in situ in the early stages of the reaction was 
considered to be the true stabiliser48. Horak et al.34 consider the grafting of the 
polymer onto the steric stabiliser to occur simultaneously to the precipitation of the 
polymer from solution. The grafted stabiliser then adsorbs onto the surface of the 
nuclei and prevents their coalescence. Grafted steric stabiliser formed in situ 
probably contributes to some extent to the stabilisation of most polymeric stabilising 
systems. Horak et al.34 compared the use ofPVP, HPC and PAA as stabilisers. They 
found that HPC (Mw -100,000) and P AA (Mw - 450,000) gave similar size 
particles, which had narrower size distributions than those stabilised by PVP. It was 
concluded that in benzoyl peroxide initiated reactions the generation of free radical 
sites, needed for grafting, on the stabiliser chain by hydrogen abstraction is more 
efficient for HPC and PAA than for PVP. The particles stabilised by PVP (Mw -
40,000) were larger than those stabilised by HPC. 
Ober and Lok 47 found that the concentration of stabiliser had little effect on particle 
size although some smaller particles were also produced when the concentration of 
HPC was halved. Chen and Yang30 investigated the influence of the molecular 
weight of the HPC, and found that using a high viscosity (high molecular weight) 
HPC produced particles with broad size distributions and some coagulation. But, 
using a low viscosity (low molecular weight) HPC at the same concentration, 
particles with a narrow size distribution were produced. Both these groups worked 
with alcoholic continuous phases. 
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Tuncel et al.27 used PAA as a stabiliser in the dispersion polymerisation ofstyrene 
in JP A/water mixtures as the continuous phase, and found that an increase in the 
concentration ofPAA produced smaller particles. This was explained by the 
presence of more stabiliser forming more nuclei during the nucleation period and 
therefore producing more but smaller particles. The increase in polymerisation rate 
and fmal monomer conversion was also explained by the increase in the number of 
particles being formed. 
PVP has been used extensively as the stabiliser in dispersion polymerisation. Paine 
et a1.3 ) investigated 3 samples ofPVP with molecular weights (Mw), 10,000,40,000 
and 360,000 as the stabiliser for the dispersion polymerisation of styrene in 
alcoholic media, and found that all produced a decrease in particle size as a function 
of increasing concentration of stabiliser. The particle size was also affected by the 
molecular weight of the PVP, smaller particles being produced when PVP of higher 
molecular weight was used. But, this was of less importance in determining particle 
size than the concentration ofPVP. This could be because of the balance between 
the improved stabilisation provided by longer PVP chains and the poorer adsorption 
of the graft copolymer PVP-PS formed at the start of the reaction prior to 
nucleation. The poorer adsorption of a graft copolymer chain with a longer PVP 
segment could be due to the increased PVP:PS ratio per copolymer chain which 
would be more soluble in the continuous phase, especially at the start of the reaction 
when there is a significant amount of styrene present. 
Shen and co-workers33, using the same PVP stabilisers in alcoholic media, 
corroborated the findings ofPaine et a1.3) using methyl methacrylate as the 
monomer. They also found that the dependence of particle size on concentration of 
PVP decreased with an increase in molecular weight ofPVP. Balmnolker and 
MargeeS using PVP with a Mw 360,00 as the stabiliser and styrene as the monomer 
in alcoholic media also found that the particle size decreased with increasing 
stabiliser concentration. They also noted that the degree of monodispersity of the 
particles increased at higher concentrations ofPVP. 
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Uyama and Kobayashi49 used poly (2-ethyl-2-oxazoline) as the stabiliser for the 
dispersion polymerisation of styrene in aqueous alcohol medium. They investigated 
the effect of stabiliser concentration with two different levels of water in the 
continuous phase, and in both cases the particle size decreased as the concentration 
of stabiliser increased. There was a region in stabiliser concentration when 
monodispersed particles were produced. Below this region a bimodal distribution of 
particle size was noted and above this region the particle size distribution became 
broader. 
Laus50 et al. used a I: I statistical copolymer of methacrylic acid and ethyl acrylate 
(MA-co-EA) as stabiliser in the dispersion polymerisation of styrene in alcoholic 
media. The true stabiliser was suggested to be a graft copolymer, formed in situ, of 
the stabiliser precursor, MA-co-EA, and polystyrene. It was found that an increase 
in concentration of stabiliser decreases fmal particle size. There was no trend 
observed for the polydispersity of the particles but not all the dispersions were 
monodispersed. The number average molar mass of the polystyrene also decreased 
with increasing stabiliser content. 
2.4.4.1.2 Block copolymers 
Block copolymers in polar media for dispersion polymerisation usually consist of 
covalently bonded hydrophilic or polar and hydrophobic or non-polar segments. 
Control of the molecular weight and balance of these segments are key factors for 
effective stabilisation. 
An early US patent described the production of AB and ABA type block 
copolymers among which the ABA triblock copolymer poly(ethylene oxide}-
poly(propylene oxide}- poly(ethylene oxide} was a successful stabilise~l. A di-
block copolymer ofpoly(amine} and poly(ethylene oxide} formed by the reaction of 
isocyanate terminated poly(ethylene oxide} and a poly(arnine} precursor was found 
to be an effective stabiliser for the dispersion polymerisation of styrene in aqueous 
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media52. Amphiphilic block copolymers comprising less hydrophobic poly(methyl 
vinyl ether) and more hydrophobic poly(octadecyl vinyl etheri3 have also been 
used. 
Dawkins et. al.42 showed the successful use of partially hydrolysed poly(vinyl 
acetate) having blocky segments as a stabiliser for the dispersion polymerisation of 
polystyrene. They found the particle size decreased as the stabiliser concentration 
increased. This was explained by the fact that more stabiliser can stabilise more 
particles, thus producing more particles with a smaller particle size. Neep54 
concluded that grafting reactions helped to stabilise the dispersion polymerisation of 
styrene in alcoholic media stabilised by partially hydrolysed poly(vinyl acetates) 
even though the acetate segments of the stabiliser chains would provide an anchor. 
Baines and co-workers37 also used a block co-polymer as a stabiliser, poly(2-
(dimethylamino)ethyl methacrylate-b-alkyl methacrylate) (pDMAEMA-b-MMA) in 
the dispersion polymerisation of styrene in alcoholic media. They found that 
increasing the stabiliser concentration again decreased particle size. They also found 
that varying the copolymer composition, by varying the methyl methacrylate 
(MMA) chain length, did not affect particle size. Although some MMA is necessary, 
PDMAEMA failed as a stabiliser by itself. This is not unreasonable as the PMMA is 
the anchor component. Varying the PDMAEMA chain length could give different 
results, longer chains providing more stabilisation and giving smaller particles. 
2.4.4.2 Macromonomers 
The advantage of using a macromonomer as the stabiliser in comparison to a 
polymeric stabiliser is that the stabiliser is also a comonomer. This means that the 
graft copolymer that is thought to be the true stabiliser can be formed without the 
need for hydrogen extraction and a larger percentage of the stabiliser will become a 
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graft copolymer and stabilise the reaction. The macromonomer functions as both a 
stabiliser and comonomer. This enables a greater proportion of the macromonomer 
to be involved in the stabilisation of the particles and therefore less total stabiliser is 
needed to successfully stabilise the particles. 
Macromonomers ofpoly(ethylene oxide) containing p-vinyl benzyl or methacryloyl 
end groups have been well documented55 • It was found that the reactivity of these 
macromonomers decreased with an increase in the molecular weight of the PEO 
chains. This was thought to be because of the repulsive interaction between the 
growing polystyrene radical and the PEO macromonomer. 
Liu and co-workers38 used poly(ethylene oxide) macromonomer as stabiliser in the 
dispersion polymerisation of styrene in aqueous ethanolic media. They found that 
the homopolymer and copolymer of polystyrene and macromonomer were produced 
simultaneously and at a certain time the copolymer precipitated and coagulated with 
other insoluble polymer and formed a new particle or was captured by an existing 
particle. The hydrophilic nature of the PEO should ensure that the copolymer while 
anchored to the particle would be enriched at the surface of the particle. This was 
found to be the case for the fmal particles. 
Poly(2-oxazoline) macromonomers containing a polymerisable styryl group have 
been successfully used to stabilise the production of mono dispersed polystyrene44 
and poly(methyl methacrylatei6 particles in polar media. It was found that the 
particle size decreased with an increase in macromonomer concentration and that 
monodispersed particles were produced with 1-2 wt % macromonomer and either 
side this region the particle size distribution broadened slightly. It was also found 
that the more hydrophilic macromonomers of higher molecular weight were more 
effective stabilisers. It is the nature of the acyl group that determines the 
hydrophilicity or hydrophobicity of the macromonomer. 
Work by Lacroix-Desmazes and Guyot43 using maleate based PEO macromonomers 
as stabiliser in the dispersion polymerisation of styrene in aqueous ethanol showed 
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that stabilisation is due in part, at least, to the copolymer formed in situ between the 
macromonomer and styrene. The macromonomer stabiliser gave larger polymer 
particles with a narrower size distribution, at a lower concentration than that needed 
by the more conventional unreactive stabiliser, PE~. To further understand the 
mechanism, the macromonomer conversion and location of the copolymer were 
determined throughout the reaction. Some PEO chains are chemically bound to the 
particles throughout the polymerisation and can reorientate as the particle grows, but 
they are not sufficient to stabilise the dispersion. Therefore, the weakly adsorbed 
species, not chemically bound, play an important role in the stabilisation of the 
particles. This has been confirmed by Shen et al. 41, using PVP as stabiliser in the 
dispersion polymerisation of methyl methacrylate. 
2.4.5 Polarity ofthe continuous phase 
The polarity of the continuous phase is particularly important because it affects the 
solubility of the initiator, monomer and stabiliser, which influence the size and 
polydispersity of particles. The polarity of the continuous phase also affects the 
critical precipitation point of the propagating radicals, which also influences the 
particle size. The continuous phase must be a solvent for the all the reactants and a 
non-solvent for the polymer formed. This can be a single solvent, such as the 
alkanes used in earlier work2, but is often a binary liquid system including water and 
a small chain (C I-C2) alcohol for polar continuous phases. This allows easy 
manipulation of the polarity of the continuous phase by varying the water content. 
It is generally agreed that for non-polar monomers polymerised in polar media, an 
increase in polarity causes a decrease in particle size and so a decrease in polarity 
will increase particle size7,8. Also, the rate of polymerisation and monomer 
conversion increase with an increase in polarity8 and the molecular weight of the 
polymer in the core particles also increases as the polarity increases7• 
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Paine et a1.3 ) and Lok and Ober39 have both used a series of alcohols, increasing in 
molecular weight, to investigate the influence of the polarity of the continuous 
phase. Lok and Ober39 used styrene as the monomer and HPC as the steric stabiliser. 
They investigated the polarity of the continuous phase using a series ofalcohols as 
single diluent. They found that in general the decrease in solubility parameter from 
methanol through ethanol to tert-butanol produced smaller particles, which in tert-
butanol had a much wider particle size distribution. 
Paine et ae) used a series of straight chain alcoholic diluents, from methanol to 
decanol as the diluent, styrene as the monomer and PVP as the steric stabiliser. The 
particle size increased from -2J.1IIl in methanol to 4-4.5J.1IIl in butanol and then 
decreased to 1.64J.1IIl in decanol. This indicates that the best solvent solubility 
parameter match for the PVP stabiliser used was butanol. All the particles produced 
were monodispersed. 
The dependence of molecular weight on diluent polarity showed an almost mirror 
image of the particle size curve. The molecular weight decreased from methanol to a 
minimum of 100,000 in butanol and then increased again with alcohols up to 
decanol. This correlation between particle size and molecular weight can be 
explained in terms of the locus of polymerisation. Polymerisation within the particle 
usually produces higher molecular weight polymer due to the viscosity reducing the 
termination rate and the increased lifetime of the propagating radicae). Smaller 
particles have a greater surface area than larger particles of the same volume, which 
means that they capture more efficiently the solution initiated oligomeric radicals 
that then continue to grow within the particle. So, for a small particle a greater 
proportion of polymerisation takes place within the particle and therefore the 
polymer has a higher average molecular weight than that in larger particles. 
Baines et. al.37 also studied a series of straight chain alcohols to investigate the 
effect of solvent. They polymerised styrene using a PDMEAMA-b-MMA 
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copolymer as the stabiliser. They also observed an increase in particle size from 
methanol to I-butanol, and then a decrease to I-octanol. 
Lok and Ober39 also studied binary solvent systems using HPC as the stabiliser. 
Methyl cellosolve (2-methoxyethanol) and ethanol were used to produce 
monodispersed particles. The particle size increased when the proportion of methyl 
cellosolve increased and the initial polarity decreased. The molecular weight 
decreased as the initial polarity decreased, again showing the reciprocal relationship 
to particle size described above. Aqueous ethanol was also used, the particle size 
decreasing as the water content and polarity increased. This was interpreted in terms 
of the initial polarity of the diluent. 
A comparison of particles produced under identical reaction conditions using methyl 
cellosolve-ethanol and isopropanol-ethanol solvent systems was carried out. 
Isopropanol has a virtually identical solubility parameter value to methyl cellosolve, 
11.3 (caVrnL)112 and 11.4 (caVrnL)112 respectively, but the particles produced were 
not of the same size and polydispersity. This shows that the solubility for the 
components in the reaction mixture of the solvent is not the only parameter 
determining particle formation and polymer molecular weight. 
Paine57 also investigated the solvency control of particle size using HPC as the 
stabiliser. A series ofn-chain alcohols was also used, and it was found that a peak 
occurred in a plot of particle size versus the number of carbon atom in straight chain 
alcohols, with the particle size increasing from 2.01lffi at methanol to 8.21lffi in 
pentanol and then decreasing to IIlffi at octanol. The curve for molecular weight 
again had the opposite trend as a function of diluent polarity. 
The peak in the plot could not be explained using the total Hansen58 solubility 
parameter. The maximum particle size corresponds to a solubility value of - 11 
(caVrnL)112 which is close to both HPC (11.8 (caVrnL)1/2) and polystyrene 11.0 
(caVrnL)ll2. The total solubility parameter does not allow a distinction between the 
importance ofHPC or polystyrene, and results from a 50% methoxyethanoV ethanol 
reaction did not fit the plot for the n-chain alcohols using the total solubility 
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parameter. Using the Hansen solubility parameters58 individually, which are the 
three different terms, a dispersion term, a hydrogen bonding term and a polarity 
term, it was possible to determine that the solvent match to HPC was the most 
important factor. Paine57 concluded that the two most important solvent effects were 
the solubility of the HPC-polystyrene graft copolymer and the influence on 
monomer and initiator partitioning between the solution and particulate phases. 
Paine57 also studied a binary solvent mixture of2-methoxyethanol and ethanol, 
again using HPC as the stabiliser. It was found that as the percentage ethanol 
increased, and the initial solubility parameter increased, the particle size decreased. 
Other parameters; molecular weight, molecular weight distribution and percentage 
conversion increased as the ethanol content increased and so, initial solubility 
parameter, increased. The increases in molecular weight and percentage conversion 
were explained as being due to a greater number of stabilised nuclei and therefore 
the increased reaction time spent in a regime of oligomer capture and 
polymerisation in the particle phase. 
Chen and Yang30 agreed with the results shown above by Paine57• In a system also 
using HPC as the stabiliser, styrene as the monomer and a mixture of ethanol and 2-
methoxyethanol as the continuous phase they found that the particle size increased 
as the percentage of 2-methoxyethanol increased. The solubility power of the 
solvent mixture for the graft copolymer increased because the solubility parameter 
of 2-methoxyethanol, 11.4 (caVrnL il2, is closer to that of polystyrene, 8.1-9.9 
(caVrnL)ll2, and the HPC-g-PS copolymer than ethanol, 12.7 (caVrnL)ll2. They also 
agreed that the effect of solvent is not limited to solubility and that the Hansen 
solubility parameters should be used to rationalise and predict the particle size in 
dispersion polymerisation of styrene in polar solvents. 
Shen, Sudol and El-Aasser33 showed that the particle size decreased with increasing 
water content for the dispersion polymerisation of methyl methacrylate in aqueous 
methanol with PVP as the stabiliser. The particle size distribution of the particles 
remained narrow until the water content of the diluent was 40%. The solubility of 
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the PVP stabiliser would not be significantly affected by the presence of water, as it 
is also a good solvent for PVP. But water is a poorer solvent for poly(methyl 
methacrylate) (PMMA) than methanol. As the water concentration and polarity 
increased, the critical chain length of the PVP-g-PMMA graft copolymer would 
decrease and the rate of adsorption of the PVP-g-PMMA would decrease because of 
the shorter PMMA segement of the graft copolymer. This would result in the 
formation of smaller particles. 
Ober and Lok59 have also shown that the initial polarity of the dispersion medium 
affects both the size and the polydispersity of the particles produced in aqueous 
ethanolic media. They varied the amount of water added to the reaction to change 
the polarity of the reaction medium. The stabiliser used was PAA and the 
comonomers were styrene and n-butyl methacrylate. It was found that the particle 
size decreases as the amount of water, and the polarity, is increased. Monodispersed 
particles are only produced in two of the nine experiments. Either side of these 
samples the distribution broadened, particularly at very high water concentrations. 
When the concentration of the comonomers, both styrene and n-butyl methacrylate, 
was increased, an increase in the amount of water was needed to produce the same 
size final particles. This ensured that the initial polarity of the reaction would remain 
the same. These trends are apparent with different comonomer ratios although to 
produce monodispersed particles and particles of the same size the initial polarity 
must change. As the percentage of styrene was increased, the polarity had to be 
decreased to produce monodispersed particles. The solubility must remain the same 
so that the propagating chains will precipitate at the same reaction time and produce 
similar size particles. 
The relationship between initial polarity and particle size was extended to claim that 
for different comonomer ratios and concentrations if the initial polarity is the same 
then particles of similar average size would be produced. But, the particle size 
distribution does widen with an increase in total monomer concentration. The 
polarity of the reaction mixture will change as the polymerisation proceeds. The 
43 
Chapter 2: Theory and background 
monomer is depleted as the reaction proceeds and the polymer produced is in a 
different phase. For monodispersed products the change in polarity must be small. 
When the change in polarity is small, nucleation conditions are effectively the same 
throughout the reaction, but when the change is large the nucleation conditions will 
change significantly. This causes species that have not nucleated early in the 
reaction to do so later, resulting in a wide distribution. Therefore, when there is a 
higher monomer concentration, there is also an increase in the change of polarity, 
and thus a broadening in the particle size distribution. A number of other factors 
also have to be correct to produce monodispersed particles. 
The dispersion polymerisation of acrylamide60, carried out in aqueous ferf-butyl 
alcohol (TBA) showed a similar but opposite trend to those described above. Instead 
of a reduction in particle size with an increase in solubility parameter, the particle 
size increases in a straight line as the initial solubility parameter increases. TBA 
(10.5 (cal/mL)ll2) is a non-solvent for poly(acrylamide) (PAM) and water (23.4 
(cal/mL)ll2) is a good solvent for PAM. As the polarity of the continuous phase 
increases the water content increases and it becomes a better solvent for P AM 
(acrylarnide -13 (cal/mL)ll2). By comparison with work done by Paine48 it is 
thought that the PAM will form a graft with the stabiliser, poly(vinyl methyl ether) 
(PVME). The difference is attributed to the change in polarity of the graft 
copolymer formed by the stabiliser, considered to be the true stabiliser. In the 
previous examples the graft copolymer is non-polar, due to the non-polar 
monomers, such as polystyrene (8.9 (cal/mL)ll2) and methyl methacrylate 
(9.5(cal/mLil2), which means the solubility of the graft decreases with an increase 
in medium polarity and smaller particles are produced. For the polymerisation of 
acrylamide, the more polar monomer, acrylamide, would give a polar graft. The 
solubility therefore would increase as the solubility parameter increases, giving 
larger particles. The molecular weight trend is also the opposite of the other 
examples. It increases as the particle size also increases. 
Uyama and Kobayashi49 polymerised styrene in aqueous alcoholic media using 
poly(2-ethyl-2-oxazoline) as a polymeric stabiliser. As the water content and the 
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polarity increased, the particle size decreased. This was explained to be due to the 
critical degree of polymerisation being lowered, the number of nuclei increased and 
more particles of smaller diameter are produced. The rate of polymerisation and the 
molecular weight increase as polarity increases. 
It was also noted that particles produced in aqueous methanol with the same water 
content were smaller than the respective particles produced in aqueous ethanolic 
media. Kobayashi and co-workers also used a poly(2-oxazoline) macromonomer as 
the stabiliser in the dispersion polymerisation of styrene in aqueous ethanol44• It was 
found that the particle size decreased as the water content increased and the solvent 
became more hydrophilic. This was described in terms of the critical degree of 
polymerisation, which decreases as the solvent becomes more hydrophilic 
producing more nuclei and hence smaller particles. 
Lacroix-Desmazes and Guyot43 also found that as the polarity increased the particle 
size decreased, in dispersion polymerisations of styrene using PEO macromonomers 
for stabilisation in aqueous ethanol. Again it was described in tenns of the critical 
degree of polymerisation at which the nuclei are fonned. 
2.4.5.1 Monomer Partitioning 
There are two polymerisation loci in dispersion polymerisation, the continuous and 
the particulate phases. The proportion of polymerisation between the two is 
important in determining the molecular weight. Ober and co-workers61 examined the 
partitioning of monomer during dispersion polymerisation. They compared two 
systems, dispersion polymerisations of styrene in ethanol/water and in methyl 
cellosolve/ethanol. When ethanol/water was the reaction medium, the monomer 
conversion reached 90% within 500 min and the molecular weight increased linearly 
up to a final value of just over 106. In the methyl cellosolve/ethanol system the 
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molecular weight also showed a linear increase with reaction time but reached 70% 
conversion after 1500 min and the final molecular weight was only 20,000. The 
ethanol/water system shows the characteristics of suspension polymerisation and is 
consistent with the Tromsdorff effect. This is not present in the methyl 
cellosolve/ethanol system. Instead of most of the monomer being incorporated in the 
swollen particles, there is very little swelling and most of the monomer remains in 
the continuous phase throughout the reaction. Therefore, a different particle growth 
mechanism must occur. 
Even with little monomer being present in the particles the Tromsdorff restrictions 
should still apply as a significant portion of the growing particle must be polymer, if 
it is assumed that polymerisation is taking place in the particle. The low molecular 
weight could be due to a very high local concentration of initiator causing early 
termination of the growing chains. It was concluded that the oligo-radical 
partitioning is very important and must be understood before a particle formation 
mechanism can be understood. 
Lacroix-Desmazes and Guillot62 have also investigated monomer partitioning 
behaviour in the dispersion polymerisation of styrene in ethanol/water. They found 
that the concentration of styrene in the continuous phase decreases with styrene 
conversion and the concentration of styrene in the particles goes through a 
maximum at intermediate conversion but always remains below that in the 
continuous phase. However, the concentration of styrene is lower in the particles 
and polymerisation within the particles is dominant. 
Several factors such as reaction temperature, monomer concentration and the water 
content of the continuous phase affect the monomer partitioning. At higher 
temperatures, the continuous phase is a better solvent for the monomer and the 
concentration of mono mer in the particles decreases. An increase in initial monomer 
concentration means an increase in the monomer concentration in the particles but 
the partition coefficient is not significantly affected. Likewise an increase in the 
water content of the continuous phase increases the concentration of mono mer in the 
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particles. Lacroix-Desmazes and Guillot63 concluded that the locus of 
polymerisation transfers early in the reaction from the continuous phase to the 
dispersed phase due to the high capture efficiency of the growing oligomers of the 
particles in the polar medium, the high concentration of styrene in the particles and 
the accumulation of radicals within the particles. 
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2.4.6 Cross-linked particles 
There have been several reports of dispersion polymerisation of divinylbenzene 
(DVB) alone and in copolymerisations with styrene32.64.65.66.67.68 and the use of 
urethane acrylates69 as a crosslinker. Divinylbenzene has also been copolymerised 
with chloromethylstyrene7o. Polystyrene/divinylbenzene particles have also been 
produced using polystyrene seed particles and subsequent polymerisation with a 
styrene/divinylbenzene monomer mixture71.72 . Li and Stover73 have produced 
particles having a high concentration ofDVB using precipitation polymerisation, i.e. 
in the absence of stabiliser. 
The incorporation of low levels ofDVB, -1-3%, while maintaining good spherical 
shape of the particle has been achieved by several groupS65.66.68. The incorporation 
of up to 3% urethane acrylate crosslinker in monodispersed 1 pm spherical particles 
has been reported69. Hattori66 and co-workers have produced misshapen particles 
containing up to 80% DVB and Li and Stover67 have produced stable spherical 
particles using 55% DVB; both these groups employed PVP as the stabiliser. 
2.4.6.1 Low concentration DVB particles 
The incorporation oflow concentrations ofDVB into particles has been achieved by 
several groupS32.64.65.66.67.68. Thomson et a1.65 used PVP as the stabiliser and ethanol 
as the continuous phase. They reported that the time of addition as well as the 
concentration ofDVB added affected the final size, size distribution and shape of 
the particles produced. The deviation from spherical shape was attributed to the 
immobilisation of adsorbed stabiliser chains and the partitioning of monomer in the 
outer regions of the growing particles. 
Spherical particles were successfully produced with up to 0.5% DVB using a 
traditional one-shot dispersion polymerisation. But, the concentration ofDVB that 
can be incorporated into the particles can be increased in two ways. The first was to 
add a chain transfer agent or to include a solvent for polystyrene (PS), both of which 
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increase the number of PS chains in the system. The addition ofa PS solvent 
increases the solvency of the continuous phase for the PS chains, which shifts the 
locus of polymerisation from the particles to the continuous phase. The average 
length of chains produced in the continuous phase is shorter due to the increased 
chance of termination. Both of these methods are unsatisfactory because the DVB is 
just distributed over a greater number of polystyrene chains. The second method to 
increase the total amount ofDVB that can be incorporated is to add PVP shortly 
after the nucleation period, which increases the supply of graft copolymer to 
stabilise the particles. Immobilised chains, which are caught within the particles, can 
be replaced to maintain a stable dispersion. By using one or both of these methods 
the concentration ofDVB that can be incorporated can be increased to 0.7%. The 
particles produced however have an uneven surface and are non-spherical. This was 
explained to be due to the amalgamation of growing particles through vinyl groups 
on the stabilising graft copolymers. 
The concentration of DVB incorporated can also be increased by the slow addition 
of the DVB over the particle growth period; this can increase the concentration of 
DVB incorporated to 1%64. A further increase is possible by the batch addition of 
the DVB long after the nucleation stage is complete. This allows up to 7% DVB to 
be incorporated into the dispersion. The particles produced in this way retain their 
sphericity but do have a dimpled surface. The retention of the spherical shape is due 
to the stable polystyrene particles that have been established prior to the addition of 
DVB. 
Choi and co-workers68 also used PVP as the stabiliser, but the continuous phase was 
an isopropyl alcohol/toluene mixture. They found that as the crosslinking 
concentration (0-3 wt %) increased the particle size decreased but the particle size 
distribution broadened with increasing DVB concentration. The polarity of the 
dispersion medium was decreased using toluene, and as the polarity decreased the 
particle size increased. This was explained in terms of increased critical chain length 
for the growing oligomers. An increase in initiator concentration resulted in an 
49 
Chapter 2: Theory and background 
increase in final particle size as reported elsewhere for particles of linear 
polystyrene27.29.3o.31.32. 
2.4.6.2 High concentration DVB particles 
Rattori et aL66 again used PVP as the steric stabiliser but used methanolic media as 
the continuous phase. They produced stable spherical particles with up to 0.55% 
DVB and from 22% to 80% DVB content. But, dispersion polymerisations with 2-
11 % DVB resulted in unstable dispersions. 
Particles with a DVB content above 22% could not be swollen with toluene. It was 
suggested that during polymerisation the particles could not be swollen with 
monomer and that therefore no polymerisation can take place within the growing 
particles. The number of particles present was followed with polymerisation time, 
and the number of particles reduced up to 3 hours and was then constant throughout 
polymerisation. Because of the low swelling capacity and the particle growth 
results, it was concluded that the primary growth mechanism for the dispersion 
polymerisation of high DVB content particles is the precipitation of polymer onto 
the nucleated particles. This is in contrast to dispersion polymerisation of 
polystyrene where the main locus of polymerisation is inside the monomer swollen 
particles. 
The control of particle size was achieved with the use of a good solvent (xylene) and 
bad solvent (water) for the polymer. The addition of xylene increased the particle 
size and broadened the polydispersity and water showed the opposite effect, with the 
particle size decreasing with increasing water concentration. This was again 
explained in terms of the critical chain length for precipitation. 
Li and Stover67 also used PVP as the stabiliser but the continuous phase was 
acetonitrile although they also produced stable spherical particles using ethanol as 
the dispersion medium. They found that the particle size increased and particle size 
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distribution broadened as the concentration of monomer increased. It was also noted 
that the particles became less spherical in nature as the monomer concentration 
increased. The particles were spherical at 5% monomer and became misshapen until 
they had a popcorn shape at 20% monomer and produced a polymeric block after 
initially being particles at 25% monomer. The effect of concentration of stabiliser 
was also investigated, and it was found that there was a minimum concentration of 
PVP was needed to produce stable particles with a strong dependence of particle 
size on concentration of stabiliser. The concentration of crosslinker was investigated 
with similar results to those found by Hattori et al66 When commercial 55% DVB 
was diluted with 4-methylstyrene (MeSty), stable particles were produced with pure 
MeSty and also with 55% DVB but at intermediate crosslinker concentrations the 
final particles were not stable. It was concluded that the method of particle growth 
was the capture of oligomers and primary particles or absorption ofDVB. 
Commercial DVB is a mixture comprising primarily of para and meta 
divinylbenzene and the para and meta isomers of the monofunctional 
ethylvinylbenzene (EVB). The relative reactivities of these monomers have been 
given ass.: 
p-DVB(7) > m-DVB(4) > m-EVB(1.4) > p-EVB(l) 
The reactivities of both EVB isomers and styrene may be considered to be 
equivalent. Also, it can be deduced that once the first double bond ofDVB has 
reacted the monomer unit incorporated in the polymer will have a reactivity of the 
second double bond that should be equal to that of styrene. Li and Stover67 
suggested that the greater reactivity ofDVB will ensure that DVB will be 
preferentially incorporated in the early stages of polymerisation. Then, a 
composition gradient may exist within the particle, the particle core having a higher 
concentration of crosslinking than the particle surface which will have been formed 
when the system is somewhat depleted ofDVB. 
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2.4.6.3 Summary 
Particles oflinear polymers 
An increase in initiator concentration generally causes an increase in final particle 
diameter. This is because the average molecular weight of the polymer chains is 
reduced due to an increased rate of termination and there are fewer chains of 
sufficient molecular weight to precipitate and form stable nuclei. The lower number 
of initial particles will then grow to larger diameter due to there being more 
monomer available per particle. It has also been shown that an initiator with a 
shorter half-life will have a similar effect to an increase in initiator concentration 
due to their being more radicals produced at the start of the polymerisation. An 
increase in temperature can also have the same effect as the concentration of 
initiator radicals at the start of the dispersion polymerisation is again increased. 
An increase in monomer concentration will also increase the fmal particle diameter 
as there is more monomer available per nucleated particle. An increase in monomer 
concentration also increases the solvency of the growing polymer chains in the 
continuous phase. This means that the growing polymer chains will precipitate at 
longer length giving larger nuclei and so larger fmal particles. 
An increase in stabiliser concentration will cause a decrease the fmal particle 
diameter due to the increased amount of stabiliser available to stabilise nuclei. More 
nuclei will be stabilised, with less monomer available per particle, and will grow to 
a smaller fmal particle diameter. 
The polarity of the continuous phase is important in determining fmal particle size 
and can be influenced by the addition of a second solvent, polar such as water or 
non-polar such as xylene. When using a non-polar monomer such as styrene a more 
polar monomer will reduce the solvency of the continuous phase for the growing 
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polymer chains leading to more nuclei and smaller final particles. The addition of a 
less polar solvent will therefore increase the final particle size. 
Particles containing divinylbenzene 
The production of particles with a high concentration ofDVB has proved to be 
difficult. The experimental studies ofHattori et al66 and Li and Stover67 indicate 
problems in producing particles with an intermediate concentration ofDVB. It has 
been concluded that particles containing a high concentration of DVB are not 
swellable and that the primary method of particle growth is the precipitation of 
polymer onto nucleated particles66• However, it has also been suggested that there 
may be a composition gradient ofDVB within the particles, with the core of the 
particles having a higher concentration ofDVB than the outer surface of the 
polymer particle due to the greater reactivity of the first double bond of the DVB. 
All these particles have been produced using PVP as the stabiliser. A major 
objective here was to improve the production of particles in dispersion 
polymerisation of high concentration DVB using an alternative steric stabiliser 
based on partially hydrolysed poly(vinyl acetate}. 
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Experimental 
3.1 List of chemicals 
4-Acetoxystyrene, 96 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
Alcotex 35009, 26 vol% solution of35 mol% hydrolysed poly(vinyl acetate) in a 
solvent mixture of 12.2 vol% methyl acetate: 87.8 vol% methanol, was used as 
supplied by Harlow Chemical Company Ltd. 
Alcotex 72.5, 72.5 mol% hydrolysed poly(vinyl acetate), was used as supplied by 
Harlow Chemical Company Ltd. 
2,2 Azobisisobutyronitrile (AIBN), 98 vol%, supplied by Fluka Chemie AG, was 
purified by recrystallisation from methanol. 
4-Bromostyrene, 98 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
2-Chlorostyrene, 97 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
4-Chlorostyrene, 97 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
Divinylbenzene (DVB), 55 vol% mixture of isomers (43 vol% 3- and 4-
ethylvinylbenzene and 1 vol% tertiary-butyl catechol), supplied by Aldrich 
Chemical Company Ltd, was purified by passing through a column of inhibitor 
(tertiary-butyl catechol) remover. 
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Divinylbenzene (DVB), 96% mixture of isomers (3% 3- and 4-ethylvinylbenzene 
and 1 vol% tertiary-butyl catechol), supplied by Polymer Laboratories, was purified 
by passing through a column of inhibitor (tertiary-butyl catechol) remover 
Inhibitor remover (tertiary-butyl catechol), was used as supplied by Aldrich 
Chemical Company 
Methoxystyrene, 97 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
4-Methylstyrene, 96 vol%, supplied by Aldrich Chemical Company Ltd was 
purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
Poly(ethylene oxide) (PEO) (Mw 200,000), was used as supplied by Aldrich 
Chemical Company Ltd. 
Poly(ethylene oxide) (PEO) (Mw 30,000), containing one methacrylate end group, 
was used as supplied by Polysciences Inc., was purified by mixing with an inhibitor 
remover. 
Methanol, SLR grade, was used as supplied by Carless Solvents. 
Styrene, 99 vol%, inhibited with 10-15% 4-tert-butylcatechol, supplied by Aldrich 
Chemical Company Ltd., was purified by passing through a column of inhibitor 
remover (Aldrich Cat. N' 31,134-0). 
Trifluoroacetic anhydride (TFAA), 99+ vol%, was used as supplied by Aldrich 
Chemical Company Ltd. 
Vinylbenzylchloride (VBC), 97 vol%, supplied by Aldrich Chemical Company Ltd 
was purified by swirling with inhibitor (tertiary-butyl catechol) remover. 
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Water, was triply distilled 
Xylene, 98.5+ vol%, was used as supplied by Aldrich Chemical Company Ltd. 
56 
Chapter 3: Experimental 
3.2 Dispersion polymerisation 
All particles have been produced using DVB 55 as the monomer unless stated 
otherwise. AIBN was used as the initiator and a methanolic medium was used as the 
continuous phase for all polymerisations. Four different stabilising systems were 
used to produce spherical polymer particles of high DVB content, namely partially 
hydrolysed poly(vinyl acetate), 35 % and 72.5 % degree of hydrolysis (DoH), 
poly(ethylene oxide) (PEO) and a mixture ofPEOIPEO macromonomer. 
Pure methanol was the dispersion medium for Alcotex 35009, PEO and the 
PEOIPEO macromonomer mixture. A 75:25 methanol:water mixture was used 
when Alcotex 72.5 was the stabiliser due to the more hydrophilic nature of the 
stabiliser. The polymerisation temperature was maintained at -67 QC, the reflux 
temperature for methanol. The concentrations of stabiliser (0.33-5.78 wt%), 
monomer (0.89-8.39 wt%) and initiator (0.05-2.35 wt%) have all been investigated 
for the four stabilising systems, and a major aim for all four systems was to produce 
reasonably monodispersed spherical particles over a wide range of monomer, 
stabiliser and initiator concentrations. 
3.2.1 Dispersions stabilised by A1cotex 35009 
These dispersions were prepared with a total volume of ---60 ml. The solution of 
Alcotex (- 2.4 g) and methanol (- 55.0 g), were weighed out, added to a glass bottle 
and thoroughly mixed. This solution was then transferred to a two necked 50 ml 
flat-bottomed reaction flask containing a small magnetic stirring bar, which was 
maintained at a constant speed, as shown in Figure 5. The reaction flask was fitted 
with a condenser and had a nitrogen inlet/outlet and bubbler attached to it, which 
allowed the reaction to be carried out under a nitrogen blanket. The magnetic stirrer 
was then started and the temperature was then raised to ---68 QC, to reflux methanol. 
The nitrogen flow was minimised at this point to prevent excessive loss of solvent. 
This solution was then left overnight at reflux temperature and on the following day 
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weighed quantities of DVB 55 (~ 4.0 g) and AIBN (~O.l g) were added to the 
reaction vessel. 
The reaction flask was removed from the oil bath after a total reaction time of 24 hrs 
and the dispersion allowed to cool. The dispersion was then transferred to a glass jar 
for storage. The dispersion was diluted with 5 - 109 of methanol, which was used 
to wash out the reaction vessel. 
3.2.2 Dispersions stabilised by A1cotex 72.5 
The method was the same as described above, except for the following steps. The 
stabiliser, which was supplied as a solid, was added to the continuous phase in the 
reaction flask and stirring started under nitrogen. The temperature was raised to -68 
°C and the mixture left overnight to dissolve the stabiliser. Monomer and initiator 
were then weighed out and added. 
3.2.3 Dispersions stabilised by Poly(ethylene oxide) (PEO) and PEO / PEO 
macromonomer 
The method used was the same as described in section 3.2.2 for A1cotex 72.5 with 
the PEO or PEOIPEG being added to the continuous phase, which was methanol, in 
the reaction flask to solubilise the stabiliser or stabilisers overnight. These 
dispersions were performed on a -65 ml scale. 
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Figure 5 Apparatus for dispersion polymerisation 
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3.3 Ultracentrifugation procedure following dispersion polymerisation 
Dispersions were shaken vigorously to ensure that any sedimented particles were 
redispersed and that the samples taken were representative. A 12 ml centrifuge tube 
was filled to approximately half way with dispersion, as prepared in section 3.2. The 
centrifuge tubes and their caps were balanced on a two-pan balance by addition of 
methanol or methanol and diluent. Some samples required dilution to enable the 
particles to fully separate when centrifuged, because the slurry was too thick due to 
solvent loss during the reaction. The dispersions were centrifuged at 8,000 r.p.m. for 
20 mins in an ultracentrifuge (MSE High Speed 25). The tubes were carefully 
removed from the centrifuge to avoid disturbing the sedimented particles. A Pasteur 
pipette was used to remove the supematant fluid from above the particles without 
disturbing them. It was necessary to leave a small amount of the supematant fluid in 
the tubes to prevent a large number of particles being removed with the last of the 
fluid. This could have affected the particle size distributions of the dispersions over 
several redispersion cycles. The tubes were then half-filled with fresh diluent and 
the particles redispersed by shaking the tubes. This sometimes required a spatula to 
dislodge the particles from the bottom of the tube; a rollerbed was also used to 
redisperse the particles. The diluent used for the redispersion of each sample was the 
continuous phase used in the dispersion polymerisation of that sample; for samples 
stabilised by Alcotex 35009, PEO and PEOIPEG that was methanol and for samples 
stabilised by A1cotex 72.5 methanol: water (75:25) was used. The redispersion 
cycle was repeated five times for each sample. The sedimented particles were 
redispersed in fresh diluent after the last centrifugation and the purified dispersions 
then transferred to glass jars for storage. 
3.4 Percentage conversion of monomer 
Dispersion polymerisations were performed as described above, and stopped at 
various reaction times, from 5 mins to 36 hrs. The reaction time started when the 
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monomer and initiator were added by syringe to the conditioned stabiliser and 
solvent mixture and ended when the reaction flask was removed from the hot oil 
bath. For reactions with a total reaction time of over I hr the dispersions were 
cooled under running cold water. For those under I hr reaction time they were 
initially cooled under running water for -10 secs, and then in liquid nitrogen. At 
short reaction times this was considered necessary to give accurate results. 
The original unpurified dispersion was shaken to ensure a representative sample was 
taken and a portion was taken. For those reactions under 20 mins the whole reaction 
was used because the low level of conversion gave such little polymer. The 
dispersion was added to a pre-weighed glass petri-dish and the total mass recorded. 
This was performed quickly to minimise errors due to solvent evaporation. The 
majority of the solvent was allowed to evaporate at room temperature in a fume-
hood and the dish was then placed in a vacuum oven at -50 QC under a vacuum of 
- 10-3 torr. This was left overnight and the dish re-weighed. The dish was then 
returned to the vacuum oven under the same conditions for another -24 hrs and 
weighed again. When the mass of polymer and dish remained constant the fmal 
mass was recorded. The fmal mass was corrected for the mass of the stabiliser and 
the initiator used. For experiments with a reaction time of20 mins or less the 
vacuum oven temperature was -20 QC because it was thought that the elevated 
temperature caused post reaction polymerisation and gave falsely high percentage 
conversIOns. 
3.5 Seed/Feed experiments 
A first stage polymerisation using the standard method described in section 3.2.2 
produced a dispersion used as the seed particles for the second stage polymerisation. 
A portion of unpurified original dispersion, typically - 10 ml, was added to a two-
necked round-bottomed flask and diluted with methanol:water (75:25) if necessary. 
Alcotex 72.5 (0.5 g) was added to the reaction flask, which was fitted with a 
condenser and had a nitrogen inlet/outlet and bubbler attached to it. This allowed the 
reaction to be carried out under a nitrogen blanket. The magnetic stirrer was then 
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started and the temperature was then raised to reflux. This was left overnight and 
then a monomer feed (2.0 g) started, which was added over -6 hrs via a syringe 
pump, typically at -0.7 mllhr. The volume of mono mer was not enough to allow a 6 
hr monomer feed, so a small amount of methanol was added, typically 2 m\. About 
15 mins after the start of the monomer feed, a shot of initiator (0.05 g) dissolved in a 
small amount of methanol was added to the reaction mixture. The polymerisation 
proceeded for - 24 hrs and was then cooled and stored in a glass jar, -2 ml methanol 
being used to wash out the reaction flask. 
3.6 Scanning electron microscopy (SEM) of dispersion samples 
Glass cover slips were attached to metal stubs using silver paint, and with care being 
taken to ensure that the contact between the cover slip and the stub was good. This 
is necessary to provide an uninterrupted surface for the gold to coat onto so that the 
electrons will conduct away and a good micrograph gained. The purified portion of 
each dispersion was shaken vigorously to ensure any sedimented particles were 
redispersed before a small representative sample is taken. One or two drops of 
purified dispersion were dropped onto the glass covered stubs. These samples were 
then sputtered with gold. The prepared samples were placed in the vacuum chamber 
of the SEM machine, an ISI-SS40 scanning electron microscope. Generally, at least 
two micrographs of each dispersion sample were taken; one micrograph containing 
a reasonable number of particles to gain an impression of the particle size 
distribution and a second at greater magnification to examine the size, shape and 
topography of the particles. 
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3.7 X-ray photoelectron spectroscopy (XPS) 
In a basic XPS experiment, a sample is irradiated with soft x-rays, usually AI Ka 
(1486.6 eV) or Mg Ka (1253.6 eV), under ultra high vacuum, as shown in Figure 6. 
These x-ray photons penetrate into the sample surface to the order of 1 - 10 llIIl, 
---4.t-.., • .--e.p--".~".P--.'- L2,3 (2p) 
----._-........ J----- L1 (2s) 
Soft X-ray hu • Photoelectron 
K (Is) 
Figure 6 Photoemission process 
resulting in the emission of photoelectrons. Auger electrons are also emitted by the 
relaxation of an atom with a vacancy in an inner shell. 
The measured kinetic energy (K.E.) of the emitted photoelectron is given by, 
K.E. = hv - Eb + <I>s (20) 
where hv is the x-ray energy, Eb is the binding energy of the atomic orbital from 
which the electron originates, and <I>s is the work function of the spectrometer. The 
emitted photoelectrons are analysed by an energy analyser. Each atomic orbital of 
an element has a unique binding energy. This means the presence of an element can 
be determined by the identification of its characteristic peaks in an XPS spectrum. 
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The emitted photoelectrons can only travel through the sample surface of the order 
oftens of Angstroms (A) without energy loss. These are the photoelectrons that 
produce the peaks in an XPS spectrum, while those photoelectrons that undergo 
energy loss through inelastic scattering form the background. 
Photoelectron inelastic scattering is described by the standard decay law, 
I = 10 exp (- x I (A. sin 9)) (21) 
where 10 is the original electron flux density of electrons with kinetic energy ofEk, I 
is the flux density of electrons retaining their initial Ek after travelling through a 
material of thickness x, 9 is the photoelectron emission angle with respect to the 
sample surface, and A. is the depth at which photoelectrons have a probability of I le 
of escaping without energy loss. This is called the attenuation length. If the 
photoelectrons are collected at 90° to the surface and A. is assumed to be 20 A, then 
approximately 63%,86%,90% of the XPS signal will originate from atoms within 
the outer 20 A, 40 A and 60 A respectively. Therefore, XPS is an inherently surface 
specific technique. Quantitative data can be obtained from XPS spectra by 
measuring peak area after removing the background. Information on the surface 
chemistry can also be gained from XPS. 
The binding energy of an atomic orbital can be affected by the atom's chemical 
environment. The binding energy difference due to a change in the chemical 
environment is termed a "chemical shift". Chemically shifted peaks can be obscured 
by peak overlap. A variety of factors contribute to peak width, including the energy 
resolution of the electron energy analyser and the line width of the photon source 
used. The term used for the removal of these contributions is deconvolution. 
Although some information on chemical structure can be gained from chemical 
shifts in XPS, functional groups are not always completely identifiable. Chemical 
derivatisation considerably enhances the ability ofXPS to identify functional 
groups. Chemical derivatisation uses a reagent that reacts specifically with a 
particular kind of functional group. The reagent has a unique element that is easily 
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detected and quantified by XPS; this gives infonnation on the surface concentration 
of the functional group. Chemical derivatisation introduces another element to the 
broadscan spectrum of all elements and also changes the high resolution spectra of 
specific elements that are connected to the new element. 
3.7.1 XPS measurements 
XPS spectra were recorded on a VG ESCALAB MKII spectrometer using an Al Ka 
x-ray source (1486.6 eV) under a vacuum of 10-7 torr. The purified portion ofa 
dispersion was coated onto a glass plate (8 mm x 16 mm). This was achieved by 
spraying the dispersion onto the glass plates. The best method for producing an even 
coat was to spray light coats and wait for the dispersion to dry in between coats. The 
coated glass plate was attached to a stub using double-sided adhesive tape. This stub 
was then mounted on a rotary driven track and transferred to the analyser chamber. 
All spectra were recorded digitally using an x-ray source power of200 watts (10 kV 
- 20 MA) in a CAE mode. Broadscan spectra were recorded with a pass energy of 
80 eV and an aperture ofBI (lOmm diameter circular aperture). High energy 
resolution spectra were recorded at a pass energy of 20 e V and an aperture of C I (3 
x 10 mm slit). The scan range was just wide enough to cover the peak of interest. 
Radiation damage was found to be not significant under the conditions used, by 
comparison of repeat spectra taken of the same area ofa sample. The deconvolution 
of high energy resolved XPS spectra, the removal of the broadening effect of Al Ka 
radiation, was achieved using a modified van Cittert deconvolution algorithm. 
Quantification was achieved by the subtraction of a Shirley type background 
followed by the measurement of peak area. 
3.7.2 Vapour-phase chemical derivatisation 
Particles were prepared for derivatisation by spraying the purified dispersion onto a 
chromic acid cleaned glass plate. Several layers were required to produce a 
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complete covering ofa microscope slide. Films of the Alcotex stabilisers alone, in 
the absence of particles, were also prepared by solution casting onto a cleaned glass 
plate. Vapour-phase derivatisations can be affected by adsorbed water vapour and 
contaminants present in air; and so a purpose-built chemical derivatisation apparatus 
was used for the derivatisation reactions74,75. Samples were evacuated overnight to 
remove any contaminants. TF AA (99+%, Aldrich) was purified by performing 3 
freeze thaw cycles before derivatisation. TF AA vapour was allowed to react with a 
dry sample of polymer particles, or dispersant films, for -2 hrs and the samples were 
then evacuated again overnight before performing XPS characterization. 
3.8 Particle size analysis 
In addition to particle size analysis from SEM micrographs, particle size 
distributions have been analysed by laser diffraction and hydrodynamic 
chromatography (lIDC). 
3.8.1 Laser diffraction particle size analysis 
The laser diffraction particle size analysis of dispersions stabilised by Alcotex was 
carried out in the Chemical Engineering Department of Loughborough University. 
Analyses were performed on a Coulter LS 130 laser diffraction particle size 
analyser, capable of measuring particles from 0.1 - 800 1JlIl. 
The purified portions of the dispersions were used for analysis. The particles are 
dispersed in a solvent and the resulting dilute dispersion is passed through a cell, 
through which the laser is passed. The particles were analysed in the continuous 
phase in which they were prepared to ensure the stability of the dispersions. For 
AIcotex 35009 this was methanol and for AIcotex 72.5 a methanol: water (75 : 25) 
mixture. 
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The particle size was given as a mean, mode or median particle size and the span of 
the distribution curve gave a measure of the polydispersity. 
3.8.2 Hydrodynamic chromatography (HDC) 
Hydrodynamic chromatography (HDC) is based on a similar principle to gel 
permeation chromatography (GPC). A flow of eluent carries the sample through a 
column, which separates on the basis of size. The eluent is based on water and 
contains two surfactants, one electrostatic stabiliser and one steric stabiliser, sodium 
dodecyl sulphate and poly(oxyethylene(23) lauryl ether) (Brij 35) and a phosphate 
buffer. 
The instrument was calibrated with a set of 10 polystyrene standard particles, 
presumed to be charge stabilised. This instrument gave the particle size as the mean, 
median or mode diameter and expressed the polydispersity as the coefficient of 
vanance. 
3.9 Measuring the particle size distribution 
The HDC instrument successfully measured sizes of particles stabilised by Alcotex 
72.5, but results for particles stabilised by Alcotex 35009 were not satisfactory. 
Therefore, the particles stabilised by AJcotex stabilisers were also measured by a 
Malvern mastersizer. It was difficult to measure the particle size and particle size 
distribution of the particles stabilised by the PEO type stabilising systems, and 
results were not be satisfactory by the HDC instrument or the Malvern Mastersizer. 
SEM micrographs have therefore been used to measure the particle size and particle 
size distribution of the particles stabilised by PEO type stabilising systems. 
This has resulted in three different ways of determining the width of the particle 
size distribution. 
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The traditional way of defining polydispersity in tenns of molecular weight is 
M,jMn where the number average molecular weight Mn is 
Mn = l:NiMi / l:Ni (22) 
and the weight average molecular weight Mw is 
(23) 
with Ni representing the number of chains with molecular weight Mi. 
The equivalent defmition used for the polydispersity in tenns of particle diameter 
for particles is DwlDn where Dw is defined by 
(24) 
and Dn is 
Dn = miDi / m i (25) 
with Ni now representing the number of particles with particle diameter Di. 
The results for Alcotex 72.5 stabilised dispersions measured with the HDC 
instrument gave the particle size as the mean, median and mode, and the results 
presented in chapter 4 are the mean. The coefficient of variance was the parameter 
given as the measure of the width of the particle size distribution. 
The particles produced using Alcotex stabilisers have also been measured with a 
Malvern Mastersizer. The results from this are volume based, and the particle size 
results agree well with the SEM images (examples shown in appendices 1-6). The 
measure of polydispersity associated with the results from the Malvern Mastersizer 
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is a span parameter. This is a measurement of the width of the distribution and is 
calculated as: 
Span = d(0.9) - d(O.l) 
d(O.5) 
(26) 
where d(0.9)is defined as the diameter of the particle at which 90% of the dispersion 
is below this diameter, and d(O.I) and d(0.5) refer to diameters for which 10% and 
50% respectively of the dispersion are below. The results are all volume based. 
The particles produced using PEO and a mixture ofPEO and a PEO macromonomer 
have been analysed for particle size and particle size distribution using SEM 
micrographs as they failed to produce results using the Malvern Mastersizer. Up to 
600 particles have been measured per micrograph. The particle sizes reported in 
chapter 4 are the mean average of the particles counted and the measure of the 
width of the particle size distribution is the variance of the population from the 
mean. 
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Results and discussion 
4.1 Comparison of particle sizing techniques 
The fIrst assessment of particle size and particle size distribution was to obtain a 
SEM micrograph; this gives an estimate of the average size and a visual guide to the 
polydispersity of the particles. The dispersions stabilised by AJcotex 72.5 are 
reasonably monodispersed, which enables a good estimate of the particle size to be 
made without having to count a large number of particles. But, the dispersions 
stabilised by AJcotex 35009 have broader particle size distributions, which would 
require the counting of many particles to give a reliable estimate of the particle size 
and polydispersity. 
Polymer Laboratories have developed a new instrument for hydrodynamic 
chromatography (HDC)76,77, which is used to measure particle size and estimate the 
polydispersity of the particles78. The average particle size is given as the mean, 
mode or median and the coefficient of variance is given as an expression of the 
polydispersity of the particles. This technique is based on a similar principle to 
GPC; a flow of eluent is passed through a column packed with solid non-porous 
particles and the particles under investigation are differentiated on the basis of size. 
A difference from GPC is that the separation is dependent solely on the interstitial 
volume of the column and does not rely on any interaction between the column and 
the particles being analysed. The aqueous eluent is based on water and includes an 
electrostatic and a steric stabiliser, sodium dodecyl sulphate (SDS) and 
poly(oxyethylene(23) lauryl ether) (Brij 35) respectively and a phosphate buffer. 
The dispersions stabilised by Alcotex 72.5 gave HDC results somewhat higher than 
those from the SEM micrographs, see Figure 7-9. However, dispersions stabilised 
by AJcotex 35009 presented more problems. The particles are introduced to the 
eluent and then passed through a 2 J.IlIl fIlter to ensure no particles larger than that 
enter the column, as they could damage it. Particles stabilised with AJcotex 35009 
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appear to aggregate when introduced to the eluent, as they do not pass through the 
2 fllll filter. For the particles that did go through the filter and were introduced to the 
column, the results for particle size were significantly higher than the values from 
the SEM micrographs. The difference between the degree of hydrolysis (DoH) of 
the two Alcotex stabilisers could help to explain the different interactions with the 
HDC separation. Alcotex 72.5, which has a DoH of72.5, is more hydrophilic than 
Alcotex 35009, a DoH of35, and will therefore be more soluble in the water based 
eluent. The particles stabilised by PEO and the PEO and PEO macromonomer 
mixture did not pass through the filter at all, and could not be introduced to the 
column. 
The particle size results of the dispersions stabilised by Alcotex 72.5 obtained by 
HDC have been compared with the results from the SEM micrographs and from the 
Malvern Mastersizer. As can be seen in Figure 7-9 the three techniques agree 
reasonably well. The agreement between the SEM micrographs and the Malvern 
Mastersizer results are closer than the results from HDC. The HDC results are 
larger than those from the Malvern Mastersizer and the SEM micrographs but the 
difference is relatively uniform. The HDC instrument was calibrated using 
polystyrene particles, which did not contain an adsorbed steric stabiliser although 
SDS and Brij 35 were present in the eluent. The particles characterised here contain 
a surface layer of polymeric stabiliser, so the calibration will not necessarily provide 
an accurate result for particle size. Further, the two stabilisers present in the eluent 
may interact with the polymeric stabiliser in the surface layer thus changing the 
overall particle size in a HDC experiment. 
The Alcotex stabilised particles were measured using a Malvern Mastersizer, which 
uses laser diffraction to measure the particle size. The width of the particle size 
distribution is measured using the span parameter, which is dermed in section 3.9. 
This technique was successful for the Alcotex stabilised dispersions but for those 
stabilised by the PEO type stabilising systems the results obtained for particle size 
were unreasonable in comparison to those from the SEM micrographs. For example, 
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the particle size of the particles in dispersion LA 99 (see appendix 9) when 
measured from a SEM micrograph was 1.06 ~ but the Malvern Mastersizer gave a 
value of 10.91 /lm, which is a tenfold increase. This could be due to the low 
solubility ofPEO in methanol at room temperature. For the dispersion 
polymerisation the PEO is left overnight at reaction temperature before the initiator 
and monomer are added in an attempt to improve the solubility of the stabiliser for 
the dispersion polymerisation. The stability of the dispersions stabilised by PEO 
type systems is compromised on cooling after reaction. The Malvern Mastersizer 
instrumentation did not permit measurement at 67°C. 
Because of these problems more SEM micrographs were taken of the PEO and 
PEOIPEO macromonomer stabilised dispersions at lower magnification than before 
to include more particles, which would provide a reasonable population that could 
then be counted. This greater number of particles should enable a reasonably 
accurate measure of particle size and particle size distribution. 
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4.2 The influence of water in the continuous phase 
Previous work has been performed using Alcotex 72.5 as the stabiliser for the 
dispersion polymerisation of styrene54 . This work indicated that a continuous phase 
of a mixture of methanol/water of either 90: 1 0 or 80:20 composition was optimum 
for production of stabilised near-monodisperse particles. Investigations of 
dispersion polymerisations of DVB 55 were performed, increasing the water content 
of the continuous phase. Six polymerisations were performed with 0 - 25 wt% water 
present in the continuous phase at 5 % intervals, and SEM micrographs for the 
particles are displayed for LA 180 (0 %) to LA 185 (25 %) in Figure 10 
The polymerisation with a continuous phase of methanol alone did not produce a 
stable dispersion (LA 180). The particles from the other dispersion polymerisations 
increase in size as the percentage of water in the continuous phase increases. This is 
in contrast to the accepted trend of particle diameter decreasing as the initial 
solubility parameter increases7•8• The decrease in particle size is described in terms 
of the initial polymer chains being less soluble in the continuous phase and 
therefore precipitating earlier and at shorter length, producing more smaller nuclei 
and in turn smaller final particles. Ober and Lok59 used aqueous ethanol as the 
continuous phase in the dispersion polymerisation of styrene and n-butyl acrylate 
and PAA as the stabiliser, and they found that the particle size decreased as the 
water content and polarity increased. 
The increase in particle size as the polarity increases here may be due to the 
increasing solubility of the AIcotex 72.5 stabiliser. It is not soluble in pure methanol 
at room temperature, and as noted before when the dispersion medium was pure 
methanol the fmal dispersion was unstable. The other dispersions produced stable 
particles that increased in diameter and also appear to have narrower particle size 
distributions as the water content and polarity increase. A continuous phase of75 :25 
methanol :water was chosen for the subsequent dispersion polymerisations using 
AIcotex 72.5 as the stabiliser, because the largest particles that are reasonably 
monodispersed were produced. 
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LA 180 (0%) LA 181 (5%) 
LA 182 (10%) LA 183 (15%) 
LA 184 (20%) LA 185 (25%) 
Figure 4 SEM micrographs of DVB 55 particles produced with increasing 
water concentration in the continuous phase 
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4.3 Monomer conversion and particle diameter as a function of reaction 
time 
For these polymerisations the dispersion polymerisations are stabilised by Alcotex 
72.5 and a continuous phase of methanol:water (75:25) is used with AlBN being the 
initiator. 
Both plots, Figure 11 and Figure 12 for DVB 55 and styrene respectively, show a 
steep rise in the conversion of monomer in the early stages of the polymerisation 
and then monomer conversion reached a plateau in less than 400 mins. The reaction 
time for the dispersion polymerisations that are discussed in the following sections 
is 24 hrs, and so it would be safe to assume that any trends that are indicated in the 
graphs of particle size and particle size distribution versus the concentration of 
stabiliser, monomer and initiator will be independent of the percentage conversion 
as monomer conversion will effectively have been completed after 400 mins. 
As can be seen in Figure 11 the plot of particle size follows the plot for the 
monomer conversion with a steep initial rise and then reaching a plateau at -350 
mins, after which point the particle size remains relatively constant. Figure 11 
shows the dispersion polymerisation of DVB 55 for which it was possible to obtain 
SEM micrographs of all the particles produced, even those produced in the early 
stages of the polymerisation when the particles have just been formed. However, 
the data for particle size shown in Figure 12 for the dispersion polymerisation with 
styrene is not complete. The first particle size shown is at reaction time 20 mins; the 
particles produced at 5 and 10 mins did not give successful SEM micrographs. This 
could be because at this early stage of the polymerisation the particles are not fully 
formed and they do not have the cross linking that will be present in the particles 
containing DVB 55, which could help to maintain the shape of the early particles. It 
might be expected that the particle size for these early particles would follow the 
same trend as for the particles containing DVB 55. The later polystyrene particles 
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do show the same behaviour as the particles containing DVB 55, reaching a plateau 
at -200 mins. 
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4.4 Particles produced 
Particles have been produced using four different stabilising systems, which have 
been used to produce particles ofDVB 55 with AIBN as the initiator and methanol 
or 75:25 methanol:water as continuous phases. The influence of stabiliser, monomer 
and initiator concentration for each system has been investigated. 
4.4.1 Alcotex 72.5 
The results for the dispersions stabilised by Alcotex 72.5 are shown in Table I. 
These results show the effect of changing the initial concentrations of stabiliser, 
monomer and initiator, and the two methods of determining particle diameter 
designated Dmastersizer and DSEM exhibit good agreement. 
Stabiliser concentration 
The stabiliser concentration is very important in dispersion polymerisation because 
there must be sufficient stabiliser chains to provide total surface coverage of the 
particles to produce a stable fmal dispersion. As shown in Figure 13, the particle 
diameter decreases as the stabiliser concentration increases as would be expected 
and is in line with the published literature for dispersion polymerisation of styrene 
and methyl methacrylate in alcoholic media stabilised with PAA27 and pyp31.J3.J5. 
The width of the particle size distribution as represented by the span parameter also 
decreases as the stabiliser concentration increases, again as expected, but the 
particle size distributions for all of these dispersions are narrow as can be seen in 
the SEM micrographs in appendix 1. 
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Polymerisation Variable Wt% Stable DMasteniz.er DSEM Polydispersity Coneen. dispersion h1m) (l1m) -(span) 
LA 186' Alcotex 72.5 4.89 Ves 0.38 0.33 5.84 
LA 187 Alcotex 72.5 4.07 Ves 0.4 0.33 7.43 
LA 188 Alcotex 72.5 3.26 Ves 0.41 0.39 7.4 
LA 189 Alcotex 72.5 2.44 Ves 0.38 0.42 6.37 
LA 190 Alcotex 72.5 1.63 Ves 0.43 0.5 8.81 
LA 191 Alcotex 72.5 0.81 Ves 0.53 0.69 9.2 
LA 198' DVB55 5.12 Ves 0.46 0.53 8.58 
LA 199 DVB55 4.3 Ves 0.46 0.53 8.32 
LA 200 DVB55 3.47 Ves 0.43 0.51 8.41 
LA 201 DVB55 2.62 Ves 0.38 0.42 6.42 
LA 202 DVB55 1.77 Ves 0.35 0.32 5.63 
LA 203 DVB55 0.89 Ves 0.33 0.28 8.58 
LA 192' AIBN 0.68 Ves 0.47 0.51 9.94 
LA 193 AIBN 0.51 Ves 0.47 0.55 9.91 
LA 194 AIBN 0.34 Ves 0.49 0.58 9.88 
LA 195 AIBN 0.25 Ves 0.39 0.36 6.57 
LA 196 AIBN 0.17 Ves 0.54 
LA 197 AIBN 0.08 Ves 0.52 0.61 10.04 
Table 1 Particle size results for dispersions stabilised by Alcotex 72.5 
, For dispersions LA 186-LA 191 the concentration of 55 % DVB was fixed at 4.89"10, AIBN 0.65%, 
methanol 67.18% and water 22.39% 
, For dispersions LA I 98-LA 203 the concentration of Alcotex 72.5 was fixed at 0.85%, AIBN 0.17%, 
methanol 70.03% and water 23.34% 
'For dispersions LA 192-LA 197 the concentration of 55 % DVB was fixed at 5.09"10, Alcotex 72.5 0.85%, 
methanol 70.03% and water 23.34% 
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An increase in concentration of stabiliser means an increase in the rate of adsorption and 
the amount of stabiliser adsorbed by the precipitating PDVB. Thus, more nuclei are 
stabilised in the nucleation stage and because there is less monomer available per nucleated 
particle this leads to smaller particles. The increase in concentration of stabiliser will also 
shorten the nucleation stage due to the increased rate of stabiliser adsorption. The increased 
rate of stabiliser adsorption means that stable nuclei are formed more quickly. This 
reduction in the time taken for the nucleation stage helps to produce dispersions with a 
narrower particle size distribution. The time taken for the nuclei to reach the stage where 
they can capture nuclei precursors and growing oligomers before they form new nuclei is 
longer for lower stabiliser concentrations. The nuclei then give particles of different sizes 
due to the different lengths of time that they have to grow. This can then lead to a wider 
particle size distribution for dispersions with low concentrations of stabiliser in comparison 
to those with higher concentrations of stabiliser. 
The presence of small particles can also be due to secondary nucleation, which 
occurs during polymerisation. This is more likely in polymerisations with lower 
stabiliser concentrations because of the smaller number of initial nuclei formed. The 
smaller number of initial nuclei gives more time to the nuclei precursors and 
oligomers in solution to form new stable nuclei before being captured by the 
existing nuclei. The formation of these secondary nuclei later in the reaction gives 
them less time to grow, and therefore the fmal particles are smaller and the particle 
size distribution broadens. 
Another process that can broaden the particle size distribution is particle 
coalescence during the polymerisation, which gives larger particles. Again, this is 
more likely to occur in polymerisations with a low concentration of stabiliser. If the 
number of stabiliser chains is not sufficient to completely cover the growing 
particles surface, there will be exposed patches ofpoly(DVB). During collisions 
these patches will then stick to each other and the particles coalesce to form new 
larger particles. As larger particles have a smaller surface area per unit mass than 
smaller particles, this process will cease when the surface area has been reduced to a 
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with Alcotex 72.5 
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level where there are sufficient stabiliser chains to give complete surface coverage 
of the particles. 
An important difference between polystyrene and poly(DVB) particles, or particles 
containing linear and crosslinked chains, is that the concentration of stabiliser 
physically trapped inside the particle as it grows is likely to be different. The level 
of crosslinking when using DVB 55 probably means that more stabiliser will be 
trapped as the particle grows than during dispersion polymerisation of styrene 
where the stabiliser chains are more mobile. Crosslinking radical reactions may 
mean that some stabiliser chains will be covalently bonded to the DVB network, 
not just physically adsorbed, which will also increase the fraction of trapped 
stabiliser. 
Monomer concentration 
The initial monomer concentration is important in dispersion polymerisation. The 
nwnber of particles is determined very early in the reaction and a low monomer 
concentration means that a small crop of particles will be produced. A monomer 
concentration that is too high leads to uncontrolled aggregation because there is not 
sufficient stabiliser to provide effective stabilisation as the particles grow. The 
increase in concentration of mono mer will increase the solvency for the 
poly(DVB), the monomer being a good solvent for its polymer, and therefore the 
precipitation of the growing polymer chains would be later in the reaction, at a 
higher degree of polymerisation, and give larger nuclei that produce larger final 
particlesJ5. The increase in concentration of monomer also means that there is more 
monomer available to the stable nuclei created and therefore, they can grow to a 
larger size. The effect of an increase in concentration of monomer can in some 
ways be considered as the same as a decrease in the concentration of stabiliser. This 
series of experiments was based on the dispersion LA 191 which produced the 
largest particles when the concentration of stabiliser was varied. The concentration 
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of mono mer was reduced from the level used in the polymerisations in which the 
concentration of stabiliser is varied because at the low level of stabiliser being used 
in these dispersion polymerisations an increase in monomer concentration could 
lead to insufficient Alcotex 72.5 to stabilise the growing particles. 
The results in Table 1 and plotted in Figure 14 demonstrate that the particle 
diameter and the width of the particle size distribution both decrease as the 
concentration of monomer decreases. This is in agreement with reports in the 
published literature7,8,27,30,31,3S. The dispersions, as seen in appendix 2, show well 
defmed particles that are all near monodispersed. 
The general trend is for the width of the particle size distribution, as represented by 
the span parameter (Figure 14), to decrease as the monomer concentration 
decreases, the exception being the lowest monomer concentration at 0.89 wt% 
where the span number increases. This could be because the low concentration of 
monomer means that the crop of particles formed at the nucleation stage are not 
sufficient in number to capture the nuclei precursors and oligomers in solution 
which can nucleate new particles and broaden the particle size distribution. Also, 
the low level of monomer means that there is proportionately more initiator and this 
promotes low molecular weight polymer chains, which will provide fewer polymer 
chains of sufficient degree of polymerisation to precipitate and form stable nuclei. 
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Initiator concentration 
This series of dispersions was based on the dispersion LA 191 because it produced 
the largest particles in the series in which the concentration of stabiliser was varied. 
Well defmed particles were produced as illustrated by the micrographs in appendix 
3, and results for particle diameter are given in Table 1. There are no discernible 
trends for the particle diameter or particle size distribution as the initiator 
concentration increases, as shown in Figure 15. This is in contrast to some results in 
the published literature for the dispersion polymerisation of styrene stabilised by 
HPC and initiated by BPO in alcoholic media 29,30 and stabilised by PVP and 
initiated by AlBN in alcoholic media31,32 and also for polystyrene dispersions 
stabilised by Alcotex 3500954. The dispersions reported by Neep54 used AlBN as 
the initiator and methanol as the continuous phase, so they are a good comparison 
to the dispersions of poly(DVB) under discussion here. Neep' s results for 
polystyrene particles incorporate a monomer concentration of 16.8 wt% which is -
2 & 3 times the concentration of monomer that is used for the series of 
polymerisations here, in which the influence of concentration of initiator for 
dispersions stabilised by Alcotex 72.5 and 35009 respectively is investigated. These 
results for polystyrene show a linear relationship with particle diameter increasing 
as the initiator concentration increases. This is the trend that would be expected as 
an increase in initiator concentration increases the rate of termination and gives 
lower molecular weight polymer chains, which means there are fewer chains of 
sufficient length to precipitate and nucleate particles. Therefore, there is more 
monomer available per nucleated chain and larger particles result. 
The use ofDVB 55 as the monomer introduces a significant amount of chain 
branching, which increases the degree of polymerisation during chain growth. This 
arises because propagating radicals may enter into addition reactions with pendant 
unsaturation on existing radicals or on dead chains with the same unsaturation. 
Consequently, compared with styrene, more chains of sufficient length may be 
available to nucleate particles. The effect of the increase in concentration of initiator 
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could be balanced by the branching arising from DVB 55 leading to no discernible 
trend as the concentration of initiator increases 
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4.4.2 Alcotex 35009 
The results for particle size for dispersions stabilised by A1cotex 35009 are given in 
Table 2. 
Stabiliser concentration 
Appendix 4 reveals that particles are not as well defmed as for dispersions stabilised 
by Alcotex 72.5, which according to the observations for micrographs in appendices 
1-3 indicate near monodisperse dispersions. In Figure 16 the particle diameter can 
be seen to decrease and the width of the particle size distribution, according to the 
span parameter, narrows with an increase in the concentration of stabiliser, which is 
in agreement with the results for the dispersions stabilised with Alcotex 72.5 . The 
average particle diameter for particles stabilised by A1cotex 35009 in Table 2 is 
significantly larger than for those stabilised by Alcotex 72.5 in Table 1. An obvious 
reason for this is that the continuous phase used in the polymerisations stabilised by 
Alcotex 35009 is pure methanol as opposed to a 75:25 methanol:water mixture for 
particles produced using A1cotex 72.5 as the stabiliser. The water content in the 
continuous phase will reduce the solubility of the continuous phase for the growing 
poly(DVB) chains and cause them to precipitate earlier and at lower molecular 
weight, producing a larger crop of nuclei and consequently smaller final particles. 
Also, all of the dispersions stabilised by Alcotex 35009 have a broader particle size 
distribution than those stabilised by A1cotex 72.5. This is not apparent by 
comparing the values of the span parameter plotted in Figure 13 & Figure 16 
because of the method by which the span of the distribution is calculated. The 
results from the Malvern Mastersizer are volume based which means that the results 
are skewed in favour of the larger particles and so the small particles are effectively 
unseen. If the SEM photographs are compared in appendices I and 4, it is obvious 
that the particles produced using Alcotex 72.5 as the stabiliser have much narrower 
particle size distributions and that they are also more spherical and show 
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Polymerisation Variable Wt% Stable DM • .teniur DSEM Polydispersity Concen. dispersion (jlm) I (I'm) (span) 
LA 292' Alcotex 72.5 0.33 No N/A N/A N/A 
LA 293 Alcotex 72.5 0.64 Ves 1.33 
LA 294 Alcotex 72.5 0.85 Ves 1.09 1.00 8.00 
LA 295 Alcotex 72.5 1.06 Ves 1.00 0.92 7.14 
LA 296 Alcotex 72.5 1.26 Ves 0.87 0.78 5.89 
LA 297 Alcotex 72.5 1.45 Ves 0.78 0.72 5.83 
LA 304' DVB55 1.80 Ves 0.40 6.40 
LA 305 DVB55 3.53 Ves 0.48 0.61 9.98 
LA 306 DVB55 5.21 Ves 0.75 0.67 6.75 
LA 307 DVB55 6.83 Ves 0.99 0.94 7.07 
LA 308 DVB55 8.39 Ves 
LA 309 DVB55 9.90 No N/A N/A N/A 
LA 298" AlBN 0.05 No N/A N/A N/A 
LA 299 AlBN 0.16 Ves 1.50 
LA 300 A1BN 0.40 Ves 1.06 1.14 9.30 
LA 301 AIBN 0.95 Ves 1.03 1.00 8.21 
LA 302 A1BN 1.58 Ves 1.05 6.45 
LA 303 A1BN 2.35 Ves 1.02 1.00 10.43 
Table 2 Particle size results for dispersions stabilised by Alcotex 35009 
• For dispersions LA 292-LA 297 the concentration of 55 % DVB was fixed at 6.68%, AIBN 0.17% and 
methanol 91.90"10 
, For dispersions LA 304-LA 309 the concentration of Alcotex 35009 was fixed at 1.17%, AIBN 0.18% and 
methanol 93.53% 
• For dispersions LA 298-LA 303 the concentration of 55 % DVB was fixed at 8.01%, Alcotex 35009 1.00% 
and methanol 88. \0% 
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none of the surface unevenness that characterises some of the particles 
stabilised by A1cotex 35009. 
When the particles being produced are polystyrene, the high temperature and 
high monomer concentration that usually exist under polymerisation conditions 
mean that the particles are relatively fluid. If coalescence occurs for 
polystyrene, then this fluidity will permit the formation of a new larger particle 
that is spherical. It is important to note that the particles being produced here 
are based on DVB 55 and that at this level of crosslinking the particles are 
considered to be non-swellable66• Experiments were conducted on particles 
containing DVB 55 that indicated no swelling. Given this, if particle 
aggregation does occur the smaller particles that are combining will not be as 
fluid as polystyrene particles. This could at least partly account for the non-
spherical nature of some of the particles under discussion here, particularly 
those stabilised by Alcotex 35009 e.g. dispersion LA 293 in appendix 4. 
As has been noted from appendix 4, the particles in these dispersions are not 
all perfect spheres. They all have a roughly spherical shape but some are 
misshapen and have uneven surfaces. The particles may become more 
spherical and smoother as the stabiliser concentration increases, particularly if 
the SEM micrographs of dispersions LA 293 and LA 297 are compared. It is 
observed in Table 2 that dispersion LA 292, which has the lowest stabiliser 
concentration, did not produce stable final particles. This is probably due to 
there being not enough stabiliser chains to give complete surface coverage to 
the growing particles. Dispersion LA 293, with somewhat higher stabiliser 
concentration, did produce particles but they were misshapen and did not give 
a realistic result when measured with the Malvern Mastersizer. The particle 
size result for dispersion LA 293 indicated that the particles had associated, 
and the particles would not separate, even after a period of sonication, owing to 
poor stability of the dispersion. This could indicate that these particles are not 
as stable as the other dispersions that are stabilised with a higher concentration 
of stabiliser. 
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Monomer concentration 
This series of dispersion polymerisations was based on the dispersion LA 296 
from the previous series investigating the influence of the concentration of 
stabiliser, when the best defined particles were observed. The micrographs in 
appendix 5 indicate that A1cotex 35009 again did not produce well defined 
near monodisperse particles. Results from Table 2 indicate that particle 
diameter increases as the monomer concentration increases as shown in Figure 
17. This increase in particle diameter may be explained by the interpretations 
for dispersions stabilised by A1cotex 72.5. The increase of particle size for the 
dispersions stabilised by Alcotex 35009 is significantly larger than that shown 
for those stabilised by Alcotex 72.5 as a function of mono mer concentration, 
e.g. 0.6 ~ in Figure 17 and 0.15 ~ in Figure 14 respectively for the stable 
final particles. The range of monomer concentration for the particles shown in 
Figure 14 stabilised by A1cotex 72.5 is -1-5 wt% and for particles shown in 
Figure 17 stabilised by Alcotex 35009 it is -2-7 wt%. Although particles were 
produced at a monomer concentration of 8.39 wt% (micrograph LA 308 in 
appendix 5), a satisfactory result for the particle diameter was not obtained by 
the Malvern Mastersizer, which may be because this dispersion is not as stable 
as those with a lower concentration of monomer and there is some aggregation 
occurring. The larger monomer concentration range utilised for Alcotex 35009 
would help to increase the particle diameter increase and the higher 
concentrations investigated for Alcotex 35009 would also aid larger particles 
being produced. The water present in the continuous phase for dispersions 
stabilised by A1cotex 72.5 could explain the difference in increase in particle 
diameter. The initial crop of particles will be larger than for dispersions 
stabilised by A1cotex 35009 in methanol due to the different precipitation 
thresholds for the growing polymer chains. The smaller crop of particles 
produced when using Alcotex 35009 as the stabiliser will mean that any 
increase in monomer concentration will have a greater effect on particle 
diameter than for a larger crop of particles present when using a continuous 
phase ofwater:methanol. 
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There is no discernible trend for the width of the particle size distribution as 
the concentration of monomer increases in Figure 17 although an increase in 
the width of the particle size distribution might be expected, as for the 
dispersions stabilised by Alcotex 72.5 in Figure 14. The particles produced 
with Alcotex 72.5 again have a more narrow particle size distribution than 
those using Alcotex 35009 as the stabiliser as can be seen by comparison of the 
SEM micrographs in appendices 2 and 5. 
Initiator concentration 
There is no discernible trend for the dependence of particle diameter or the 
particle size distribution on the concentration of initiator, as can be seen in 
Figure 18. This is similar to the results for dispersions stabilised by Alcotex 
72.5 in Figure 15. The particle size is constant as the concentration ofinitiator 
increases; the particle size distribution does alter but there is no overall trend. 
Establishing a dependence is not straightforward because of the nature of the 
particle size distributions for dispersions in appendix 6. Particles are misshapen 
and tend to have broader distributions compared with dispersions in appendix 
3, and the distribution for dispersion LA 300 is bimodal. The existence of two 
populations with different particle diameters may arise from secondary 
nucleation, which could generate new particles throughout dispersion 
polymerisation. The expected trend might be obscured by the broad particle 
size distributions because when the micrographs in appendix 6 are examined 
the larger particles do appear to increase as the concentration of initiator 
increases. 
For higher concentrations of initiator there will be an increased rate of production of 
radicals, and therefore a competition between the capture of radicals by larger 
particles and the formation of nuclei precursors will exist. The onset of secondary 
nucleation at a particular monomer conversion as polymerisation proceeds may be 
determined by the depletion of DVB in the continuous phase. Conversion of DVB 
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will reduce the solvency for oligomeric radicals of DVB subsequently formed from 
dissociation of AIBN, so the threshold of degree of polymerisation of radicals at 
phase separation will be reduced. At a higher concentration of AIBN this may result 
in a sufficient population of precipitating radicals to form nuclei. 
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4.4.3 Poly(ethylene oxide) 
The results for dispersions stabilised by poly(ethylene oxide) are shown in Table 3. 
Stabiliser concentration 
The particle diameter decreases as the concentration of stabiliser increases, as 
displayed in Figure 19. This is in agreement with the published literature for 
dispersion polymerisation of styrene and methyl methacrylate in alcoholic media 
stabilised with P AA 27 and pypJl,33,35 and the results for the dispersions stabilised by 
Alcotex 72.5 & 35009, in Figure 13 and Figure 16, which were discussed in 
sections 4.4.1 and 4.4.2. The recent published work using PED has concentrated on 
PED macromonomers79,80,81 Also, the width of the particle size distribution narrows 
as the concentration of stabiliser increases, again as expected. 
The average particle diameter is significantly larger than for dispersions stabilised 
by Alcotex 72.5 (Figure 13), but similar to the results for the dispersions stabilised 
by Alcotex 35009 (Figure 16). This might be expected, as the continuous phase is 
again methanol so the growing polymer chains will precipitate at a similar time. 
Also, PED is not soluble in methanol at room temperature and may not be 
completely soluble at the polymerisation temperature. Therefore, not all of the PED 
may be available to provide stabilisation for the growing particles, which could 
affect the particle diameter and the particle size distribution. 
These particles are not all spherical and smooth, as shown in appendix 7. Some 
particles, especially the larger ones appear to consist of smaller particles that have 
associated to become one larger particle. This is consistent with particle aggregation 
producing larger particles. Particles resulting from DVB 55 monomer are harder 
than polystyrene particles, which could explain why these larger particles seem to 
retain some of the shape of the smaller particles. 
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than polystyrene particles, which could explain why these larger particles seem to 
retain some of the shape of the smaller particles. 
Polymerisation Variable Wt% Stable ~::; Polydispersity dispersion (variance) 
LA 448 Alcotex 72.5 1.51 No N/A N/A 
LA 449 Alcotex 72.5 2.25 Yes 1.18 0.032 
LA 450 Alcotex 72.5 2.98 Yes 1.00 0.017 
LA451 Alcotex 72.5 3.69 Yes 0.96 0.033 
LA 452 Alcotex 72.5 4.40 Yes 0.81 0.015 
LA453 Alcotex 72.5 5.78 Yes 0.69 0.013 
LA 109' DVB55 7.53 Yes 0.94 0.005 
LA 110 DVB55 8.89 No N/A N/A 
LA 113 DVB55 1.60 Yes 0.34 0.005 
LA 114 DVB55 3.15 Yes 0.49 0.010 
LA 115 DVB55 4.66 Yes 0.69 0.010 
LA 116 DVB55 6.11 Yes 1.05 0.014 
LA 969 AIBN 0.30 Yes 1.14 0.017 
LA 99 AIBN 0.41 Yes 1.06 0.018 
LA 100 AIBN 0.20 Yes 0.75 0.008 
LA 101 AIBN 0.30 Yes 1.16 0.021 
LA 102 AIBN 0.50 Yes 0.84 0.023 
LA 103 AIBN 0.75 Yes 0.83 0.023 
Table 3 Particle size results for dispersions stabilised by PEO 
7 For dispersions LA 448-LA 453 the concentration of 55 % DVB was fixed at 7.55%, AIBN 0.32% and 
methanol 90.63% 
• For dispersions LA 304 - LA 309 the concentration ofPEO was fixed at 2.06%, AIBN 0.16% and methanol 
93.12% 
9 For dispersions LA 298-LA 303 the concentration of 55 % DVB was fixed at 7.51 %, PEO 2.00010 and 
methanol 90.10% 
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Monomer concentration 
As can be seen in Figure 20, the particle diameter decreases as the concentration of 
monomer decreases but there is no discernible trend in the width of the particle size 
distribution. The monomer concentration was decreased from the concentration of 
DVB that was maintained in the investigation of the influence of concentration of 
stabiliser because of the relatively low concentration of stabiliser used. The 
decrease in particle diameter in line with the results for the dispersions stabilised by 
A1cotex 72.5 & 35009 in Figure 14 and Figure 17 respectively. The larger particles 
seen in appendix 8 again show some evidence of particle aggregation. 
Initiator concentration 
The particle diameter does not follow any discernible trend as the initiator 
concentration increases, as can be seen in Figure 21. This is again in contrast to the 
reported trend for simple monofunctional monomers such as styrene with particle 
diameter increasing with initiator concentration/7,28 but in agreement with the 
results for the Alcotex stabilised dispersions in Figure 15 and Figure 18. The 
particles in appendix 6, stabilised by Alcotex 35009, appear to have broader particle 
size distributions than the particles stabilised by PEO displayed in appendix 9. 
Some of the particles shown in appendix 9 are smooth and spherical, e.g. dispersion 
LA 100, but some show evidence of particle aggregation, particularly dispersions 
LA 96 and LA 101. There are some small particles present as can be seen in 
appendix 9, particularly for the dispersions produced with high initiator 
concentration, LA 102 and LA 103, which could be obscuring the expected trend. 
The width of the particle size distribution, which is measured as the variance for 
dispersions stabilised by PEO and PEOIPEO macromonomer mixtures, appears to 
increase as the initiator concentration increases in Figure 21. The particle size 
distributions are not very broad but there are the smaller particles present in the 
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dispersions with high initiator concentrations, see appendix 9. This suggests that 
there was some secondary nucleation, which could explain the increase in width of 
the particle size distribution as the initiator concentration increases. An increase in 
concentration of initiator can increase particle diameter for the reasons described 
previously, section 4.4.1. Where there are a small number of larger particles having 
a smaller surface area per unit mass, they are less likely to capture nuclei precursors 
and oligomers in solution, which can nucleate new particles, leading to the presence 
of smaller particles in the fmal dispersion. 
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4.4.4 Poly(ethylene oxide) and PEO macromonomer 
The results for dispersions stabilised by a PEO and PEO macromonomer are shown 
in Table 4. The diameter of the particles in these dispersions are significantly larger 
than for those stabilised by Alcotex 72.5, Alcotex 35009 and PEO alone in sections 
4.4.1,4.4.2. and 4.4.3 respectively. 
Stabiliser concentration 
Before deciding on the stabiliser mixture that is used in these investigations the 
PEO macromonomer was used alone in dispersion polymerisation ofDVB 55, but 
the fmal dispersion was unstable. As shown in section 4.4.3 PEO has been used 
alone to successfully stabilise dispersion polymerisations ofDVB 55, but when the 
macromonomer was used alone at the levels of the PEO component present in these 
polymerisations the fmal dispersions were unstable. A mixture of the two stabilisers 
has been utilised here with PEO macromonomer being the major component, PEO / 
PEO macromonomer in the ratio I : 3 by weight. Therefore, sample LA 143 which 
has the highest concentration of stabiliser in Table 4 contains only 1.2 wt"/o PE~. 
The minimum amount ofPEO that produced stable particles in Table 3 is 2.25 wt%. 
Therefore, the PEO macromonomer definitely contributes to the stabilisation of the 
particles. It was hoped that the use of a macromonomer would mean that a stable 
fmal dispersion could be achieved with less PEO stabiliser and that the 
macromonomer being of smaller chain length and therefore being more soluble in 
the hot methanol at the polymerisation temperature would provide more effective 
stabilisation and produce better defined particles. It was envisaged that the longer 
chain PEO would provide some preliminary protection for the particles on collision, 
and the shorter chain macromonomer could then provide successful stabilisation to 
prevent the particles from aggregating. 
The percentage stabiliser shown in Figure 22 is the total percentage of the two 
stabilisers, consisting of PEOIPEO macromonomer in the ratio 1:3 by weight. 
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Polymerisation Variable Wt% Stable DSEM Polydispersity dispersion (~m) (variance) 
LA 137'· Alcotex 72.5 N/a No N/A N/A 
LA 138 Alcotex 72.5 1.85 Yes 
LA 139 Alcotex 72.5 2.44 Yes 1.59 0.047 
LA 140 Alcotex 72.5 3.03 Yes 1.58 0.063 
LA 141 Alcotex 72.5 3.61 Yes 1.53 0.130 
LA 142 Alcotex 72.5 4.20 Yes 1.35 0.076 
LA 143 Alcotex 72.5 4.77 Yes 1.40 0.076 
LA 117" OVB55 1.45 No N/A N/A 
LA 118 Monomer 2.86 Yes 1.00 0.049 
LA 119 Monomer 4.22 Yes 1.32 0.061 
LA 120 Monomer 5.55 Yes 1.45 0.080 
LA 125 Monomer 6.84 No N/A N/A 
LA 126 Monomer 8.10 No N/A N/A 
LA 129'" AIBN 0.14 Yes 1.74 0.110 
LA 130 AIBN 0.21 Yes 1.74 0.120 
LA 132 AIBN 0.69 Yes 1.70 0.090 
LA 133 AIBN 1.03 Yes 1.70 0.170 
LA 134 AIBN 1.37 Yes 1.58 0.180 
LA 135 AIBN 2.04 Yes 1.42 0.110 
Table 4 Particle size results for dispersions stabilised by PEOIPEO 
macromonomer 
10 For dispersions LA 137-LA 143 the concentration of 55 % OVB was fixed at 5.48%, AIBN 0.07% and 
methanol 91.42% 
11 For dispersions LA 117 - LA 120, LA 125 & LA 126 the concentration of PEOIPEO macromonomer was 
fixed at 1.87%, AIBN 0.07% and methanol 93.84% 
12 For dispersions LA 129, LA 130 and LA 132-LA 135 the concentration of 55 % OVB was fixed at 5.50%, 
PEOIPEO macrornonomer 1.82% and methanol 91.64% 
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The particle diameter decreases as the concentration of stabilisers increases, as 
shown in Figure 22, as expected for reasons explained for other stabilisers in Figure 
13, Figure 16 and Figure 19. There is no discernible trend for the particle size 
distribution as the concentration of stabiliser increases. 
Particles LA 13 8 produced at a total stabiliser concentration of 1.85 wt%, see 
appendix 10, were not perfect spheres and the smaller particles appear to have 
aggregated and formed the larger final particles. This would agree with the theory of 
particle aggregation and polymer precipitation as the mechanisms of particle 
growth, due to the non-swellable nature ofDVB 55 particles, and possibly 
insufficient stabiliser for complete surface coverage of particles. 
Monomer concentration 
As can be seen in Table 4 experiments were performed with concentrations of 
monomer both lower and higher than the successful dispersions but no particles 
were produced. Although only three results are plotted in Figure 23 the particle 
diameter and the particle size distribution do show trends, demonstrating increases 
as the concentration of monomer increases as would be expected and in agreement 
with the results for particle size for the A1cotex's 72.5 and 35009 and PEO alone in 
Figure 13, Figure 16 and Figure 19. The larger particles are misshapen, and smaller 
particles which are thought to have aggregated to produce the larger particles are 
evident, as seen in appendix 11. 
Initiator concentration 
This series of experiments was based on dispersion LA 120 from the series of 
experiments investigating the influence of the concentration of monomer as it 
produced the largest particles. Again, as with the results for the other stabilising 
systems there are no discernible trends as the concentration of initiator increases, as 
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shown in Figure 24. The amount of crosslinking could obscure the expected trend in 
particle size due to the increase in degree of polymerisation as explained in section 
4.4.1. The particle diameter remains reasonably constant as the concentration of 
initiator increases and the particle size distribution does change but there is no 
overall trend. If the micrographs in appendix 12 are examined, the particles appear 
to be spherical and exhibit none of the misshapenness associated with some particles 
stabilised by PEO alone in appendix 9. 
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4.4.5 Discussion 
In an ideal dispersion polymerisation process, the nucleation stage of particle 
formation is generally completed vety quickly. With the correct choice of diluent 
and of concentrations of stabiliser and monomer, then the number of particles will 
be virtually unchanged throughout the polymerisation stage. Typically, the 
polymerisation conditions should ensure a high number of particles, little change in 
the solvency of the diluent phase for the propagating polymer and sufficient 
stabiliser to prevent particle aggregation.2 
Experimental results for particle diameter and particle size distribution have 
demonstrated that dispersions ofPDVB with Alcotex 72.5 as stabiliser were closest 
to those produced in an idealised dispersion polymerisation. These results indicate 
that near-monodisperse spherical particles can be obtained over a range of stabiliser, 
monomer and initiator concentrations (appendices 1,2,3). A distinguishing feature 
of these dispersion polymerisations is the diluent ofmethanol:water (75:25) whereas 
methanol alone was employed for dispersions prepared with the other stabilising 
systems. The solvency of the dispersion medium will determine the threshold 
molecular weight of propagating radicals for precipitation, and therefore influence 
nucleation of particles and capture of radicals by growing particles during 
polymerisation. Obviously, the presence of water in the diluent will reduce the 
solubility ofPDVB radicals in the dispersion medium. Consequently, at the start of 
the dispersion polymerisation more radicals will be available to participate in 
nucleation, and presuming the availability of stabiliser more particles will be 
produced. Comparisons of dispersions produced at similar concentrations ofDVB 
indicate that particles stabilised by Alcotex 72.5 are smaller than those for the other 
three stabilising systems (compare Table 1-4). 
Plots in Figure 13, Figure 16, Figure 19 and Figure 22 demonstrate how the 
concentration of stabiliser controls a dispersion polymerisation. As the concentration 
of stabiliser increases, particle diameter decreases resulting from the nucleation of a 
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higher number of particles. From the micrographs in appendices 1,4,7 and 10 and 
the lack of particle size data for dispersions prepared with low concentrations of 
stabiliser (see Table 1-4), it is recommended generally when using the four 
stabilising systems that the minimum stabiliser concentration should exceed I wt% 
for AIcotex 72.5 and 35009 AIcotex and 2 wt% for PEO and PEOI PEO 
macromonomer. This investigation was not directed to assessing the presence of 
covalently grafted stabiliser on the final particles. However, Neep54 has 
demonstrated for particles of polystyrene stabilised by poly(vinyl acetate) in 
methanol that graft copolymer is formed in situ during dispersion polymerisation, so 
it might be expected that stabilisation with Alcotex polymers involved both 
physically anchored and grafted chains. 
The solvency of the dispersion medium is important when performing a dispersion 
polymerisation. In the experiments in Table 1-4 polymerisations involved addition 
of all the monomer and all other reactants at the start of polymerisation rather than a 
continuous feed of mono mer during the conversion time. Consequently, as the 
monomer is depleted, there will be a change in solvency throughout the 
polymerisation. Generally, relative large particles are obtained at high monomer 
concentrations2,27,28,30,31,33,35, and the plots in Figure 14, Figure 17, Figure 20 and 
Figure 23 are broadly in agreement. Increasing the solvency of the dispersion 
medium, by increasing the monomer concentration, will raise the threshold 
molecular weight for precipitation, which will prolong the nucleation stage. Whilst it 
is probable that both self-nucleation and aggregative nucleation processes contribute 
to particle formation2, it is to be expected that self-nucleation of individual 
oligomeric radicals will be favoured by low solvency whereas high solvency will 
permit the accumulation of a higher concentration of oligomer chains in solution 
until phase separation with nuclei involving several or many chains. Consequently, 
fewer particles will result, and will therefore be larger, and it is to be expected that 
the particle size distribution will broaden. Significantly, when methanol:water 
(75:25) is the dispersion medium, the particle size distribution as judged by the 
micrographs in appendix 2 still appear to be quite narrow, whereas the particle size 
distributions in appendices 5, 8 and 11 are broader. Whilst broadening of the particle 
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size distribution may result from an extended time period for nucleation, other 
processes may also contribute. These may include continuous nucleation, secondary 
nucleation at some point during the polymerisation conversion and agglomeration of 
existing particles. Continuous nucleation should be suppressed when the total 
number of particles is high, so a combination of conditions such as a small number 
of large particles in a low solvency dispersion medium containing a high 
concentration of stabiliser should be avoided. In secondary nucleation, consumption 
of mono mer during polymerisation can change solvency substantially, so a fresh 
crop of nuclei may be produced alongside the initial large particles at intermediate 
or later polymerisation conversions. As an extreme example, such secondary 
nucleation may result in a bimodal particle size distribution. In the conditions 
recommended here, there should be sufficient concentration of stabiliser to minimise 
agglomeration of particles. However, the misshapen particles for dispersions 
involving PEO as stabiliser, e.g. appendices 8 and 11, indicate the possibility of 
aggregation. Possible explanations include the inefficiency ofPEO and PEO 
macromonomer as dispersion stabilisers and the bridging ofPDVB radicals across 
particles. 
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4.4.6 The influence of percentage DVB 
Particles stabilised with Alcotex 72.5 have been produced which have a DVB 
content of 5 - 95%, and were found to be spherical and reasonably monodispersed 
as shown by micrographs in appendix 13. A monomer containing 96 % DVB and 3 
% EVB was diluted with styrene to produce monomers with the required levels of 
DVB. The particle diameter and width of the particle size distribution as displayed 
in Figure 25 do not vary significantly as the percentage DVB increases. These 
particles have all been produced using the standard one-shot method described in 
the experimental section 3.2.2. There are no seed particles so subsequent swelling 
and secondary polymerisation were not performed. 
Particles containing up to 2% DVB have been produced using one-shot dispersion 
polymerisation by several groups65,68, but there has been some difficulty 
incorporating higher levels ofDVB. Hattori et al.66 have produced high 
concentration DVB particles, with up to 80 % content, but there is a period as the 
percentage DVB is increased where the [mal dispersion is unstable. Stable particles 
were produced with up to 0.55 % and above 22 % DVB based on monomer, but 
particles containing 2-11 % DVB gave a [mal product that was a coagulum and at 
22 % the particles produced were flocculated. 
It was suggested by Hattori et al. that above a content of22 % DVB the particles 
cannot be swelled. Because of this the accepted mechanism of particle growth for 
formation of linear chains in particles, e.g. styrene and methyl methacrylate 
polymerisations2, by polymerisation within the particles is not possible. The particle 
growth mechanism suggested by Hattori et al. was precipitation onto nucleated 
particles. 
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4.5 Seed feed experiments 
The initial aim of these experiments was to try and increase the particle size of 
particles with a high concentration of DVB that could be produced and was then 
extended to include monomers other than styrene and DVB. This could result in 
forming particles with core shell morphologl2 . A first stage polymerisation 
produced particles that were used as the seed particles for the second stage 
polymerisation that enlarged the seed particles using a second monomer. The first 
stage polymerisation was a standard dispersion polymerisation as described in 
section 3.2.2. The use of swelling techniques for emulsion polymerisation has been 
known for some time and has been reviewed by Uge\stad et a1.6, but the work here 
has used particles produced using dispersion polymerisation and the second stage 
seed/feed polymerisations have been performed in aqueous organic media. All 
polymerisations, both first and second stage, used Alcotex 72.5 as the stabiliser. 
The SEM micrographs in this section will be incorporated in the text and the bar 
marks on them will represent 2 !lm unless otherwise stated. 
4.5.1 No additional stabiliser in feed stage 
The first experiments performed used DVB 55 as the monomer for the seed 
particles, and then styrene and DVB 55 were added as a feed monomer for the 
second stage polymerisation. Examples of original seed dispersions are shown in 
micrographs LA 252 & LA 256, see Figure 26. These particles were then used to 
perform a second stage polymerisation, as described in section 3.5, except no 
additional stabiliser was used, but the original seed particles were stirred at reaction 
temperature to allow the stabiliser, both the stabiliser associated with the particles 
and any excess stabiliser present in the dispersion, to solublise in the reaction 
medium. 
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Micrographs LA 257 & LA 258, see Figure 26 are for the particles after the second 
stage polymerisation had been performed, with DVB and styrene as feed monomers 
respectively, the scale bars representing 5 Ilm. These experiments were relatively 
unsuccessful as they produced pellicular particles, which was thought to be because 
the original particles are un-swellable. Therefore, secondary nucleation occurred 
and the new particles became associated with the original particles to produce the 
final pellicular particles. 
LA 257 
LA 252 LA 258 
Figure 26 SEM micrographs of dispersions LA 252, 256-8 
It was thought that particles containing 5 wt% DVB based on total monomer should 
be swellable to some extent and so could give non-pellicular particles in the second 
stage polymerisation. The seed particles containing 5 % DVB (micrograph LA 249, 
Figure 27) were used in a second stage polymerisation with styrene and DVB 55 as 
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the feed monomers. Stable non-pellicular particles as displayed in micrograph LA 
261, Figure 27, were produced using a feed of styrene. However, the final 
dispersion using the DYB 55 feed was unstable and it was not possible to observe a 
particulate dispersion by SEM. Micrograph LA 261 is a stable dispersion produced 
with styrene as the feed monomer showing that particle diameter increased from 
0.52 !lm (LA 249) to 0.62 !lm. The polydispersity of the particles does not appear 
to change during the second stage polymerisation. 
Polystyrene particles have also been used as seed particles with good results. Stable 
dispersions of larger particles were produced with both styrene and DYB 55 as the 
feed monomers. The dispersion of polystyrene particles used as the seed particles is 
displayed in micrograph LA 263, see Figure 28. Secondary polymerisation was 
performed on the seed particles with styrene as the feed monomer, micrograph LA 
265, and DYB 55 as the feed monomer, micrograph LA 266, see Figure 28 for 
micrographs. Both produced significantly larger particles than the seed dispersion, 
micrograph LA 263. The diameter of the seed particles was -0.53 !lm. Dispersions 
LA 265 & 266 have particle diameters of - 0.75!lm and - 0.68 !lm respectively, the 
particles containing DYB 55 as the feed monomer being smaller than their styrene 
counterparts. 
Discussion 
A summary of the results for the seed/feed polymerisations performed without 
additional stabiliser is provided in Table 5. All the experiments in this section were 
carried out on the original dispersion after first stage polymerisation, and 
purification of this seed was not performed before commencing the second stage 
polymerisation. The stabilisation in the second stage polymerisation is reliant on 
the excess of stabiliser remaining from the first stage polymerisation. The 
difference in stability between dispersions LA 261 and LA 262 could be attributed 
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LA 249 LA 261 
Figure 27 SEM micrographs of dispersions LA 249 & 261 
LA263 
LA265 LA266 
Figure 28 SEM micrographs of dispersions LA 263, 265 & 266 
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to trapping of more stabiliser chains by DYB than by styrene as the second stage 
polymerisation proceeded. To try and overcome this problem, experiments were 
performed with additional stabiliser added at the start of the second stage 
polymerisation. 
Dispersion Seed particles Dseed (~m) Feed mono mer Dfinal (~m) 
LA 257 DVB 55 (LA 256) 1.13 DVB55 pellicular 
LA258 DVB 55 (LA252) 1.07 Styrene pellicular 
LA 261 5% DVB (LA 249) 0.52 Styrene 0.62 
LA 262 5% DVB (LA249) 0.52 DVB55 unstable 
LA 265 Polystyrene (LA 263) 0.53 Styrene 0.75 
LA 266 Polystyrene (LA 263) 0.53 DVB55 0.64 
Table 5 Particle sizes for seed/feed particles produced without additional 
stabiliser 
4.5.2 Additional stabiliser in feed stage 
The second stage polymerisations in this section were all performed as described in 
section 3.5 except where noted. The additional stabiliser was added when the 
dispersion was heated to reaction temperature and then left overnight, which should 
allow the additional stabiliser and any stabiliser left from the original first stage 
dispersion polymerisation to solubilise in the reaction medium. The experiment LA 
262 which resulted in an unstable dispersion in section 4.5.1 was repeated with 5 % 
DYB in the seed particles and DYB 55 as the feed monomer. This experiment 
incorporated additional stabiliser in the second stage polymerisation and produced a 
stable dispersion as observed in micrograph LA 270, see Figure 29. The final 
particles were -0.63 ~m in diameter compared with the seed (LA 264) which had a 
particle size of -0.45 !-lm. The scale bars represent 2 !-lm in the SEM photos. There 
are also some much smaller particles present in the final dispersion that are 
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probably due to secondary nucleation, but this is a big improvement on the 
experiment with no additional stabiliser which produced an unstable dispersion. 
It follows therefore that all subsequent experiments will include additional 
stabiliser unless stated otherwise, as this definitely has a positive effect on the 
stabilisation of the final particles, although it may not always be necessary for some 
monomer/monomer pairs as seed and feed. The seed/feed experiments can be 
divided into two categories; the first was to try and produce larger particles 
containing a high level of DYB cross-linker and the second was the production of 
particles using monomers other than styrene and DYB which contain a halogen or a 
functional group directed in part to achieving a core shell morphology. 
4.5.2.1 Particles incorporating styrene and DVB 
The results in section 4.5.1 demonstrate that a seed containing DYB 55 is not 
advised for production of well defined spherical particles during second stage 
polymerisation. This experiment was repeated with additional stabiliser in the 
second stage polymerisation. Seed particles of DYB 55 (micrograph LA 255) with 
styrene and DYB 55 as the feed monomers, micrographs LA 276 & 277 
respectively, all micrographs can be seen in Figure 30, indicated that the final 
particles produced were still not satisfactory. When styrene was used as the feed 
monomer an unstable dispersion resulted (micrograph LA 276), and with DYB 55 
as the feed monomer a bimodal population was produced (micrograph LA 277). 
Micrograph LA 277 shows one set of particles that are probably the product of 
secondary nucleation with a diameter of -0.41 /-lm and a second set with a diameter 
of -1.37 /-lm which are possibly produced by particle aggregation of the original 
particles. 
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LA 264 LA270 
Figure 29 SEM micrographs of dispersions LA 264 & 270 
LA 255 
LA 276 LA 277 
Figure 30 SEM micrographs of dispersions LA 255, 276 & 277 
126 
Chapter 4: Results and discussion 
The use of seed particles containing DVB 55 has again not been successful. The 
final dispersions are either unstable, pellicular or do not retain the narrow particle 
size distribution of the seed particles. It is of interest to investigate various seed 
polymerisations producing particles with lower levels of DVB by the 
copolymerisation of DVB 55 with styrene. It was decided to study seed particles 
containing up to 15 wt% DYB on total monomer or polystyrene, or seed particles 
prepared from styrenic type monomers. 
Reaction Seed Feed Stable Dseed D final Comments 
Particles Monomer Dispersion 
LA 270 5%DVB DVB55 Yes 0.45).lm 0.63 ).lm spherical. 
(LA 264) monodispersed 
LA 271 15%DVB Styrene Yes 0.46 ).lm 0.69 ).lm misshapen particles 
(LA 248) 
LA319 5%DVB DVB 55 Yes 0.53 ).lm 0.78 ).lm spherical. 
(LA 311) monodispersed 
LA 320 15%DVB DVB 55 Yes 0.48).lm 0.78 ).lm slightly misshapen 
(LA 313) 
LA 321 Styrene DVB 55 Yes 0.56 ).lm 0.77 ).lm spherical. 
(LA 310) monodispersed 
LA 322 IO%DVB DVB 55 Yes 0.48).lm 0.82 ).lm spherical. 
(LA 312) monodispersed 
LA 334 5%DVB Styrene Yes 0.53 ).lm 0.97 ).lm misshapen particles 
(LA 311) 
LA 454 5%DVB 5%DVB Yes 0.50 ).lm 0.63 ).lm spherical. 
(LA 367) monodispersed 
LA455 5%DVB 5%DVB Yes 0.50 ).lm 0.71 ).lm spherical. 
(LA 367) monodispersed 
Table 6 Particle size results for seed/feed experiments with styrene and DYB 
Table 6 shows all the particle diameter results for seed/feed experiments using 
styrene and DYB as the seed particles and the feed monomers. Particles containing 
5 % DVB had already been employed successfully as the seed particles, see 
micrograph for dispersion LA 270 in Figure 29, so a seed dispersion with an 
increased DVB content was tried. Seed particles containing 15 % DVB 
(micrograph LA 248, Figure 31) were employed with styrene as the feed monomer. 
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The final dispersion (micrograph LA 271, Figure 31) produced misshapen particles 
of -0.69 ~m diameter compared to a size of -0.46 ~m for the seed dispersion. 
It was expected that dispersion LA 271 would produce spherical particles by 
comparison with dispersion LA 270, with a feed DVB 55, which had produced 
stable spherical particles. It had been shown in the experiments without additional 
stabiliser that a styrene feed produced stable spherical particles, see micrograph LA 
261 in section 4.5.1, when a feed of DVB 55 did not. But dispersion LA 270 used a 
particle containing 5 % DVB as the seed instead of a seed particle containing 15 % 
DVB. The particle containing 15 % DVB would be less swellable than the particle 
containing 5 % DVB, which could explain the misshapen nature of the final 
particles in dispersion LA 271. 
Polystyrene seed particles containing 0 %, 5 %, 10 % & 15 % DVB were produced, 
micrographs LA31O-313 respectively (Figure 32), which were to be used as the 
standard seed particles for second stage polymerisation experiments. All the final 
dispersions have smooth and spherical particles and narrow particle size 
distributions, although the particles with 0 % and 5 % DVB do appear to be 
somewhat associated. This is probably because there has been no attempt made to 
clean the particles i.e. no redispersion cycles to remove excess stabiliser etc. 
The final particle diameters for these seed dispersions are 0.56 ~m, 0.53 ~m, 0.48 
~m & 0.48 ~m for particles containing 0 %, 5 %, 10 % & 15 % DVB respectively. 
These standard seed particles have all been used as seed particles with DVB 55 as 
the feed monomer. They all resulted in stable final dispersions of larger particles 
after second stage polymerisation, see Figure 33. 
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LA248 LA 271 
Figure 31 SEM micrographs of dispersions LA 248 & 271 
LA 310 (0% DYB) LA 311 (5% DYB) 
LA 312 (10% DYB) LA 313 (15% DYB) 
Figure 32 SEM micrographs of dispersions LA 310-313 
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The particles produced using styrene and 5 % DYB particles as the seed particles 
are smooth and spherical but the dispersions do contain some smaller particles, see 
micrographs LA 321 & LA 319 respectively. The final particles produced using 10 
% & 15 % DYB seed particles are not completely smooth but the dispersions do 
not contain as many smaller particles, see micrographs LA 322 & LA 320 
respectively. This could be explained in terms of the concentration of stabiliser 
present in the reaction; the second stage polymerisations using the styrene and 5 % 
DYB seed particles may have more stabiliser present as they will not have trapped 
as much stabiliser as the original particles grew, which would mean more stabiliser 
available for stabilisation and for secondary nucleation. The polymerisations using 
10 % &15 % DYB seed particles would have required more stabiliser due to the 
trapping of stabiliser chains within the growing particle, which means that less 
would be available to engage in secondary nucleation. Also, the fewer stabiliser 
chains available may explain the misshapenness of the final particles. The final 
particle diameters for dispersions LA 321, LA 319, LA 322 and LA 320 are 0.77 
~m, 0.78 ~m, 0.82 ~m & 0.78 ~m for particles containing 0 %, 5 %,10 % & 15 % 
DYB respectively, and represent an average increase in particle diameter of 0.28 
~m. 
There are various methods by which the final particle size could be increased 
beyond that achieved already, for example by raising the volume of the monomer 
feed and by performing two sequential monomer feeds. Firstly, in second stage 
polymerisation LA334 a larger monomer feed of 5 g of styrene was attempted to 
produce larger particles than before with seed particles of 5 % DYB (LA 311), see 
Figure 34. This is a 2.5 fold increase on the standard 2 g of monomer in the feed of 
the second stage polymerisation. The final particles, micrograph LA 334, have a 
diameter of 0.97 ~m, formed from seed particles having a diameter of 0.53 ~m so 
there is a particle diameter increase of 0.44 ~m which is 0.14 ~m more than the 
average increase for the particles in micrographs LA 319-LA 322. Although the 
monomer feed is 2.5 times the normal feed, the increase in particle diameter is only 
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LA 321 (0%) LA 319 (5%) 
LA 322 (10%) LA 320 (15%) 
Figure 33 SEM micrographs of dispersions LA 319-322 
LA 311 LA 334 
Figure 34 SEM micrographs of dispersions LA 311 & 334 
131 
Chapter 4: Results and discussion 
-1.5 times the particle diameter increase, which is to be expected as the volume 
needed to increase particle size increases as the total diameter increases. The 
particles are slightly misshapen, which may be improved by the use of more 
stabiliser during the second stage polymerisation. This experiment was repeated 
with a feed containing 5 % DVB but produced polydispersed particles. A stabiliser 
feed should be considered if large volumes of secondary monomer are going to be 
used, especially if the second monomer is DVB 55. A stabiliser feed would have to 
be at reaction temperature for a prolonged period before being added to the reaction 
so that the stabiliser chains are solubilised and provide effective stabilisation to the 
growing particle. 
Larger particles have also been produced by performing two second stage 
polymerisations in succession. Both these second stage polymerisations are the 
standard size and include the additional stabiliser before each feed. The dispersions 
LA 454 & LA 455 (see Figure 35) used seed particles containing 5 % DVB, 
dispersion LA 367 which has a diameter of 0.5 Ilm, and a solution of 5 % DVB as 
feed monomer. LA 454 is a standard feed experiment as a control for LA 455, 
which encompasses two sequential monomer feeds. The micrographs show the 
particles from LA 454 and LA 455. The (a) micrographs show the particles of both 
dispersions after a single second stage polymerisation. Micrograph LA 455 (b) 
shows the particles from dispersion LA 455, halfway through the second feed 
experiment and micrograph LA 455 (c) shows the particles at the end of two 
successful second stage polymerisations. 
As can be seen in Table 7 growth of the particles is continuous over the two 
sequential feeds, although the particle diameter increase is not as large as might be 
expected. For example, dispersion LA 319 uses a seed containing 5 % DVB and 
DVB 55 as the monomer feed in a standard second stage polymerisation and the 
particle diameter increase is 0.25 Ilm which is larger than the increase of 0.21 Ilm 
for the two second stage polymerisations in LA 455, but the principle of multiple 
feeds has been demonstrated. 
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LA 454 (a) (one feed) LA 455 (a) (one feed) 
LA 455 (b) (1.5 feeds) LA 455 (c) (2 feeds) 
Figure 35 SEM micrographs of dispersions LA 454 & 455 
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Reaction Particle Diameter Diameter Increase 
(urn) (urn) 
LA 454 0.63 0.13 
LA 455/1 0.60 0.10 
LA 455/1.5 0.67 0.17 
LA 455/2 0.71 0.21 
Table 7 Particle diameter increase for experiments LA 454 & 455 
Discussion 
It has been demonstrated that a second stage polymerisation performed on 
polystyrene seed particles without additional stabiliser is successful when using 
both styrene and DVB 55 as the feed monomers. However, additional stabiliser 
is necessary to produce stable larger particles with styrene as the feed monomer 
when using a seed particle that contains DVB with the exception of a 5 % DVB 
seed particle. The use of DVB 55 particles as seed particles is not recommended, as 
the final particles are pellicular, unstable or polydispersed. Particles containing 0 
%,5 %, 10 % and 15 % DVB have been used successfully as the seed particles for 
the second stage polymerisation with DVB 55 as the feed monomer to produce 
stable larger particles that retain a narrow particle size distribution. Evidence 
presented indicates that the particle size during the second stage polymerisation can 
be increased by two methods. The use of a larger monomer feed has been 
successful when using a 5 % DVB seed particle and styrene as the feed monomer. 
The principle of multiple monomer feeds has also been successfully demonstrated. 
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4.5.2.2 Particles incorporating styrenic monomers 
An aim of two stage polymerisations for seed particles containing DVB as a 
crosslinker was the possible formation of a core shell morphology82. In order to 
facilitate the characterisation of the final particles it was decided that the 
introduction of bromine would introduce a different element that can be easily 
detected. This hypothesis was then extended to other monomers: chlorostyrene 
(ChSty), acetoxystyrene (AcSty), bromostyrene (BrSty), vinyl benzyl chloride 
(VBC), methoxystyrene (MeoSty) and 4-methylstyrene (4-MeSty), which were 
also, used as the feed monomer with particles containing a low concentration of 
DVB. The introduction of a halogen or another functional group will also give the 
particles more functionality for derivatisation. 
There are two ways of introducing different monomers to the particles; the first is 
to use them as the feed monomer and the second is to produce particles with these 
monomers, which can then be used as the seed particles for a second stage 
polymerisation. The particles produced with these different monomers were all 
stabilised by A1cotex 72.5 in a standard dispersion polymerisation as described in 
section 3.2.2. The second stage polymerisations in this section were performed as 
described in section 3.5. For some of these styrenic monomers: BrSty, VBC, MeSty 
and ChSty it has been necessary to use a small amount of butanone instead of 
methanol to increase the volume of the feed, when the monomer and methanol were 
immiscible. 
Experimental results for particle diameters for seed/feed polymerisations with these 
various monomers are shown in Table 8. The first experiments used dispersions 
containing 5 % and 15 % DVB as the seed particles and 2-BrSty as the feed 
monomer. The experiment with seed particles of 15 % DVB produced larger 
particles that appear to be pellicular. The particles produced using the 5 % DVB 
seed particles were more successful. The original seed dispersion, see micrograph 
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Reaction Seed Feed Stable Dseed D fina1 Comments 
Particles Monomer Dispersion 
LA 272 15% DVB 2-BrSty Yes 0.46).lm 0.62).lm pellicular particles 
(LA 248) 
LA 282 5%DVB 2-BrSty Yes 0.45).lm 0.61).lm slightly unstable 
(LA 264) 
LA314 Styrene VBC Yes 0.56).lm some aggregation 
(LA 310) 
LA 315 5%DVB VBC Yes 0.53).lm 0.66).lm spherical, 
(LA 311) monodisperse 
LA 324 4-BrSty DVB55 Yes 0.50).lm O.77).lm spherical, 
(LA 318) monodisperse 
LA 330 4-MeSty DVB 55 Yes 0.48).lm 0.82).lm spherical, 
(LA 326) monodisperse 
LA331 2-ChSty DVB 55 Yes 0.62).lm 0.82).lm + small particles 
(LA 327) 
LA 335 MeoSty DVB 55 Yes 0.62).lm 0.80).lm only the larger 
(LA 332) particles 
LA 337 5%DVB MeoSty Yes 0.45).lm O.72).lm spherical, 
(LA311) monodispersed 
LA 360 5%DVB AcSty Yes 0.53).lm 0.75).lm partially coagulated 
(LA 311) 
LA 365 5%DVB 4-MeSty Yes 0.53).lm 0.84).lm a little polydisperse 
(LA 311) 
LA 366 5%DVB 4-BrSty Yes 0.53).lm 0.74).lm misshapen particles 
(LA311) 
LA 368 5%DVB 2-ChSty Yes 0.53).lm 0.79).lm bit polydisperse 
(LA311) 
LA 375 5%DVB 4-ChSty Yes 0.53).lm 0.57).lm misshapen particles 
(LA311) 
LA 376 5%DVB DVB551 Yes 0.50).lm 0.80).lm misshapen particles 
(LA 367) VBC 
Table 8 Particle size results for seed/feed experiments with other monomers 
LA 264 (Figure 36), has particles -0.46 /lm in diameter and for the final dispersion, 
micrograph LA 282 (Figure 36), particles are -0.61 /lm in diameter. But, the final 
dispersion was not as stable as the original dispersion of seed particles. 
The scale bars in Figure 36 are 2 /lm and 5 /lm for LA264 and LA 282 respectively. 
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LA 264 LA 282 
Figure 36 SEM micrographs of dispersions LA 264 & 282 
LA 310 LA 314 
LA 311 LA 315 
Figure 37 SEM micrographs of dispersions LA 310, 311, 314 & 315 
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YBC was also used as a feed monomer, in dispersions with seed particles 
containing 0 & 5% DYB, micrographs LA 310 & LA 311 respectively, Figure 37. 
This again introduces a halogen to the final particles. Both experiments resulted in 
stable larger particles being produced, micrographs LA 314 & LA 315 (Figure 37), 
although the experiment with styrene particles as the seed produced non-spherical 
as well as spherical particles, see micrograph of dispersion LA 314. These 
micrographs suggest that 5 % DYB in seed particles facilitates the retention of 
sphericity in final particles. 
When MeoSty was used as the feed monomer with particles containing 5 % DYB 
as the seed (micrograph LA 311), the final dispersion produced stable particles with 
a diameter of 0.72 !lm, see micrograph LA 337, with an increase of 0.27 !lm above 
the seed diameter (0.45 !lm), see Figure 38. 
LA 311 LA 337 
Figure 38 SEM micrographs of dispersions LA 311 & 337 
AcSty was also used as a feed monomer with particles containing 5 % DYB as the 
seed (micrograph LA 311) with a diameter of 0.53 !lm. In micrograph LA 360, the 
final particles have a diameter of 0.75 !lm, which is an increase of 0.22 !lm. 
However, the final particles are not a completely stable dispersion, but are 
somewhat associated, see Figure 39. 
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LA 311 LA 360 
Figure 39 SEM micrographs of dispersions LA 311 & 360 
LA 311 
.~r , 
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LA 366 
LA 365 
LA 368 
Figure 40 SEM micrographs of dispersions LA 311, 365, 366 & 368 
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4-MeSty, 4-BrSty and 2-ChSty were also used as the feed monomers with particles 
containing 5 % DVB as the seed (micrograph LA 311), and the resulting 
dispersions are shown in micrographs LA 365, LA 366 and LA 368 respectively, 
see Figure 40. All final dispersions were stable with increased particle diameters, 
but the particles from dispersions LA 365 & LA 366 are somewhat misshapen. The 
particles present in dispersion LA 368 were more spherical. 
4-ChSty and a mixture of 70:30 DVB55:VBC (micrographs LA 375 & LA 376 
respectively) were also used as feed monomers with seed particles containing 5 % 
DVB (micrographs LA 311 and LA 367 in Figure 41). Neither the 4-ChSty and 
70:30 DVB:VBC feed worked very well, with micrographs exhibiting misshapen 
particles. There appears to have been some secondary nucleation in LA 376 
producing small particles. The misshapen particles shown in LA 375, Figure 41, are 
in contrast to the particles produced with 2-chlorostyrene as the feed monomer 
(micrograph LA 368), which are mostly spherical. The only difference between the 
two experiments was the position of the chlorine substituent on the monomer. 
Seed particles have been produced by dispersion polymerisation using 4-ChSty and 
4-BrSty as the monomers, see micrographs LA 317 and LA 318 respectively in 
Figure 42. These particles have then been used as the seed particles in a second 
stage polymerisation with DVB 55 as the feed monomer. 
The 4-BrSty seed particles produced a final stable dispersion of larger particles 
with a particle diameter increase of 0.27 J-lm from 0.50 J-lm to 0.77 J-lm 
(micrographs LA 318 & LA 324), but the 4-chlorostyrene particles did not grow to 
produce larger particles (micrograph LA 323). Both final dispersions are somewhat 
associated. 
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LA 311 LA 375 
Figure 41 SEM micrographs of dispersions LA 311, 367, 375 & 376 
4-MeSty and 2-ChSty have also been used to produce seed particles, see 
micrographs LA 326 and LA 327 respectively, which have then been used as seed 
particles with DVB 55 as the feed monomer to produce larger particles, as shown 
by micrographs LA 330 and LA 331 respectively in Figure 43. Both final 
dispersions contained larger particles than the original seed dispersions but there 
were also some much smaller particles present, probably owing to secondary 
nucleation during the second stage experiment. The 4-MeSty particles (micrograph 
LA 330) were more successful as there was a larger increase in particle diameter, 
0.34 Ilm, and there are fewer small particles present. 
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LA 317 LA 323 
LA 318 LA 324 
Figure 42 SEM micrographs of dispersions LA 317, 318, 323 & 324 
A seed dispersion was produced by polymerising MeoSty, and these particles 
formed a seed for a second stage polymerisation with a feed of DVB 55, see 
micrograph LA 335 in Figure 44. However, there was considerable secondary 
nucleation resulting in a bimodal distribution of some larger particles, diameter 
-0.80 ~m, and a significant population of much smaller particles. 
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Figure 44 SEM micrographs of dispersions LA 332 & 335 
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Discussion 
In summary, styrenic monomers that contain a halogen group or some other form of 
functionality have been used as feed monomers in second stage polymerisations 
that have largely used 5 % DVB particles as the seed particles. Particles produced 
using seed particles containing 15 % DVB were misshapen in comparison with 
those containing 5 % DVB and particles with seeds containing polystyrene gave a 
final dispersion with some aggregation. Therefore, some crosslinking is needed in 
the seed particles to retain the shape of the seed particles during second stage 
polymerisation. When the seed particles contain polystyrene there could be some 
incompatibility between the polymer formed in the feed stage and the polystyrene 
chains. Particles have been produced with the styrenic type monomers using 
Alcotex 72.5 as the stabiliser in the standard dispersion experiment, section 3.2.2. 
These particles have then been used as the seed particles in successful second stage 
polymerisations to produce stable larger particles with DVB 55 as the feed 
monomer. Not all the final dispersions have spherical and monodispersed particles 
after second stage polymerisation with styrenic monomers as the feed monomer; 
some contain a population of smaller particles as well as the enlarged original seed 
particles or exhibit some misshapenness but there are several examples of well 
defined particles being produced. However, when the seed particles have been 
produced using the styrenic monomers and DVB 55 has been used as the feed 
monomer, the final dispersions have displayed well defined particles. 
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4.6 X-ray photoelectron spectroscopy 
In view of the availability of hydroxyl groups present on the Alcotex stabilisers for 
modification of the surface characteristics of particles, it follows that the 
development of a suitable methodology based on chemical modification will enable 
the concentration of PVOH surrounding a particle to be determined. Previously, 
experimental vapour-phase chemical derivatisation of flat surfaces containing 
hydroxyl groups permitted characterization of the hydroxyl concentration by X-ray 
photoelectron spectroscopy (XPS)74.75. In this experimental procedure, the alcohol 
groups are derivatised by reaction with trifluoroacetic anhydride (TFAA), and then 
XPS is used to measure the resulting surface concentration of fluorine. The aim 
here is to extend this method for flat substrates to spheres in order to characterize 
the stabilising dispersant layer of PV A present on dry particles following dispersion 
polymerisation. Successful dispersion polymerisations of DVB with Alcotex 35009 
dissolved in methanol and Alcotex 72.5 dissolved in aqueous methanol are 
performed, in which a range of particle diameters is produced as a function of the 
concentration of dispersant. Outcomes of the XPS characterization are new results 
for the thickness of the PV A surface layer on dry particles and the surface area 
occupied per PV A chain. 
Dispersion polymerisations with polymeric stabilisers such as poly(N-vinyl 
pyrrolidone) (PVP) and poly(acrylic acid) (PAA), rather than a polymerisable 
stabiliser such as a macromonomer, have been directed to producing micron sized 
particlesB. The production of crosslinked particles has been investigated for 
copolymerisations of styrene and DVB in which styrene is the major monomeric 
component6B. Previously, Li and Stover67 and Hattori et aZ 66 have reported 
dispersion polymerisations of DVB (55%) with PVP as stabiliser. 
Examples of PDVB particles stabilised with Alcotex 72.5 and 35009 are shown 
below, micrographs LA 186 and LA 382 respectively (Figure 45). These 
dispersions have been prepared using the standard method described in section 
3.2.2. 
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LA 186 LA 382 
Figure 39 SEM micrographs of dispersions LA 186 & 382 
Both micrographs show spherical particles, indicating that the conditions for 
dispersion polymerisation are satisfactory. The particle size distribution in 
dispersion LA 186 appears to be close to monodisperse, the number average 
diameter for dispersion LA186 estimated from the micrograph, 0.33 J..lm, was in 
good agreement with the mean particle diameter 0.38 J..lm calculated from the 
Mastersizer distribution. It appears that the particle size distribution in dispersion 
LA 382 is somewhat more polydisperse, and the mean particle diameter was 
estimated to be 0.73 J..lm (SEM) and 0.81 J..lm (Mastersizer). Data for 
characterisation of particles studied by XPS are shown in Table 9, where 
dispersions LA 186 - LA 191 are stabilised by Alcotex 72.5 and dispersions LA 
369 - LA 374 are stabilised by Alcotex 35009. In Table 9 d represents the thickness 
of the stabilising layer and A represents the area occupied per stabilising polymer 
chain. 
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Dispersion [PVAj wt % D (IlID) d(nm) A (nm2) 
LA 186 4.89 0.37 2.97 16.8 
LA 187 4.11 0.38 2.76 18.3 
LA 188 3.31 0.39 2.75 18.3 
LA 189 2.50 0.38 2.49 20.2 
LA 190 1.68 0.42 2.11 23.8 
LA 191 0.85 0.52 1.61 31.1 
LA 369 0.64 0.54 1.39 85.6 
LA 370 1.06 0.93 1.29 93.3 
LA371 1.45 0.79 1.45 82.5 
LA 372 1.84 0.68 1.53 78.9 
LA 373 2.40 0.57 1.86 64.8 
LA 374 3.10 0.51 1.80 67.0 
Table 9 Characterisation data for the particles used in XPS 
4.6.1 Analysis of broadscan spectra 
The surface composition of polystyrene particles (D> I ~) produced by 
dispersion polymerisation has been detennined by XPS, and concentrations of 
adsorbed pyp3S,83 and PAA27,84 stabilisers have been estimated. Although 
treatments of XPS data are well developed for flat substrates, Sheng and 
Sutherland8s considered a model for data treatment in XPS in the characterization of 
spherical particles (D < I J.1ffi) having a unifonn overlayer. Their general model 
takes into account particle size, the range of path lengths of photoelectrons passing 
through the adsorbed surface layer and the fact that substrate and adsorbed layer 
will have different attenuation lengths. The situation here is simpler than the 
general case. Given the range of particle diameters used in this work the relative 
intensities of peaks from the adsorbed layer and substrate will be independent of 
particle size, for a fixed coating thickness. This situation has been investigated86and 
equation 27 shown to apply. 
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Equation 27 
where I represents the intensity of the peak, rsf is the relative sensitivity factor; 
including the photoelectron cross-sections, energy analyser transmission and 
angular asymmetry in photoemission. Symbol f... is the attenuation length, n is the 
number density, d is the layer thickness and e is the take-off angle. Subscript F 
signifies fluorine, C carbon, LIF fluorine present in the stabilising layer, LlC carbon 
in the surface layer and C/C carbon in the particle core. The numerator in the above 
expression is proportional to the number of fluorine Is photoelectrons detected from 
the adsorbed layer. The denominator has two terms, which must be summed to 
estimate the total number of carbon Is photoelectrons detected (le). The first term 
represents the number of photoelectrons from carbon atoms in the particle. These 
electrons pass through the coating and are attenuated as a result. The second term 
represents photoelectrons from carbon atoms in the adsorbed surface layer, and is 
consequently similar in form to the numerator. 
An example broadscan XPS spectrum ofPDVB particles stabilised with Alcotex 
12.5 is shown in Figure 40. The major peaks are carbon at -280 eV, oxygen at -530 
eV and fluorine at -680eV in increasing binding energy. 
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Figure 46 A broadscan XPS spectrum of derivatised PDVB particles 
149 
Chapter 4: Results and discussion 
To interpret the spectroscopic data to assess surface coverage by a stabiliser, the 
extent ofTF AA derivatisation has to be established before adsorption on particles. 
The percentage derivatisation for pure stabiliser was calculated from results 
obtained from the broadscan spectra before and after derivatisation of each Alcotex 
stabiliser alone. In this case the percentage composition from XPS was used, 
specifically the carbon and fluorine percentages. High resolution spectra for both 
Alcotex stabilisers after derivatisation provided sufficient resolution of the peaks 
which may be analysed using equation 28. The areas under the peaks associated 
with the acetate groups and the fluorinated acetate groups were analysed to . 
determine the extent of reaction for the derivatisation. Both broadscan and high 
resolution spectroscopic methods gave good agreement, and the average values for 
pure Alcotex samples 35009 and 72.5 were 85.5 % and 75.5 % derivatisation 
respectively, which are in reasonable agreement with the conversion of 80 % quoted 
by Sutherland et al.75 • The percentage conversions obtained for pure Alcotex 
stabilisers were used as correction factors for calculating complete derivatisation in 
analysing data for particles dispersed with the respective stabiliser. 
Interpretation of a broadscan spectrum according to equation 27 permits the 
determination of the atomic fluorine percentage by weight, and results for both PVA 
stabilisers as a function of particle diameter are displayed in Figure 47, where 
dispersions LA 186 - LA 191 are stabilised by Alcotex 72.5 and LA 369 - LA 374 
stabilised by Alcotex 35009. It is concluded that there is about twice as much 
fluorine present on particles stabilised by 72.5 mol% hydrolysed PV A (Alcotex 
72.5) as those stabilised by 35 mol% hydrolysed PVA (Alcotex 35009), in 
agreement with expectation based on the DoH of these stabilisers. 
Using equation 27 and a broadscan spectrum the surface layer thickness d can be 
calculated, and results for Alcotex 72.5 as stabiliser are given in Figure 48. It is 
estimated that the average error for repeat measurements of d for particles in 
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Figure 48 is 0.16 run. From the stabilising layer thickness, and knowing the DoH 
and the molecular weight of the PV A stabilisers, the surface area A occupied per 
stabiliser chain on a PDVB particle can be calculated, and these results are also 
plotted in Figure 48. Repeat measurements for A demonstrated reasonable 
agreement for particles in Figure 48 with an average error of 1.36 run2• The results 
calculated for d and A for PDVB particles stabilised by Alcotex 35009 are 
displayed in Figure 49. The average error for d and A for repeat measurements for 
particles in Figure 49 was estimated to be 0.14 run and 6.46 run2 respectively. 
The results for surface layer thickness in Table 9 indicate that stabilising layer 
thickness increases as the particle diameter decreases. The decrease in diameter for 
particles in these dispersion polymerisations was accomplished by controlled 
increases of concentration of stabiliser. Ranges of concentration for the stabilisers 
in Table 9 were 0.85-4.89 wt% and 0.64-3.10 wt% for Alcotex 72.5 and Alcotex 
35009 respectively. 
A possible explanation for the trend in the layer thickness data is that some 
adsorbed stabiliser is covalently anchored to particles due to chain transfer reactions 
between propagating PDVB radicals and stabiliser chains, and the incidence of 
chain transfer will rise as concentration of stabiliser increases. The surprising 
higher layer thickness values for Alcotex 72.5 than for the longer chain Alcotex 
35009 may result from somewhat different anchoring of stabiliser chains as a 
function of DoH during dispersion polymerisation. The soluble chains ofPVOH are 
longer and the anchor component of PV A are shorter for Alcotex 72.5 than Alcotex 
35009 due to the greater DoH. It is envisaged that Alcotex 72.5 may have an 
arrangement where the anchor component being adsorbed onto the PDVB surface as 
trains, will be of shorter length and the longer soluble PVOH segments in tails and 
loops providing a thicker layer for stabilisation. 
Dispersion polymerisations were also performed using styrene as the monomer and 
Alcotex 72.5 as the stabiliser; the stabiliser layer thickness and area per stabiliser 
chain were calculated using equation 27. The range of stabiliser concentration is 
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actually smaller for the polystyrene particles than the PDVB particles, 0.42 - 3.27 
wt% and 0.85-4.89 wt% respectively. The results can be seen in Figure 50 and 
agree with those in Figure 48 and Figure 49 for PDVB particles stabilised by 
Alcotex 72.5 and 35009 respectively. The stabiliser layer thickness decreases and 
the area per stabiliser chain increases as the particle diameter increases. The particle 
size range is larger for these particles than for the PDVB particles and the range of 
stabiliser layer thickness and area per stabiliser chain are consequently larger too. 
Results for layer thickness in Table 9 are about a factor of 10 below expectation 
from chain dimensions according to the unperturbed root-mean-square end-to-end 
distance <~> 0 0.5 of a polymer chain extending away from the particle surface into 
the diluent. Literature values for the unperturbed dimensions [<~> "IM]0.5 are 
0.0705 nm and 0.0950 nm for poly(vinyl acetate) and PVOH (DoH = 100 mol%) 
respectively87. By interpolation it will presumed that values of [<0 "IM]0.5 are 
0.079 and 0.088 nm for Alcotex 35009 and 72.5 respectively from which <~>o°.5 is 
calculated to be about 25 and 20 nm for these two stabilisers. Clearly, as the 
dispersion diluent medium is removed, the stabilising chains collapse to form a thin 
overlayer on dry PDVB particles. 
In Figure 48 and Figure 49, plots indicate that the area A occupied per chain rises as 
the particle diameter increases for both stabilisers. Data for A with an approximate 
value of77 nm2 for particles stabilised with Alcotex 35009 are consistently higher 
than the average of about 21 nm2 of results for Alcotex 72.5 whose molecular 
weight (Mo), and therefore chain length, is lower. If it is assumed that there is no 
significant loss of stabilising chains when preparing dispersion samples for XPS, it 
can be hypothesised that the area occupied per chain might not be much different 
for the dry dispersion used for XPS characterization. Previous studies of the area 
occupied per chain for dispersants in hydrocarbon media have reported A = 50 nm2 
for poly(dimethyl siloxane) (Mo = 50,000)88 and A = 40-48 nm2 for ethylene-
propylene copolymer (M 0 = 64,000)89. 
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4.6.2 Analysis of a high resolution spectrum 
An example of an XPS high resolution spectrum ofPDVB particles stabilised by 
Alcotex 72.5 is shown in Figure 51. This shows the curve fit and resolved 
contributions from all the different forms of carbon present in the derivatised 
stabiliser and particle core in a carbon Is peak. There are 6 different forms of carbon 
that contribute to the carbon Is high resolution spectrum. The numbered peaks in 
Figure 51 represent the 6 different forms of carbon that contribute to the carbon Is 
high resolution spectrum: 1) PDVB particles, 2) stabiliser backbone, CH2, 3) 
stabiliser backbone, CH, 4) acetate group, C=O, 5) fluoroacetate group, C=O, 6) 
trifluoroacetate 
360 , 
310 
260 
.:l 
1:1 210 
= C> 
U 
160 
110 
60 
280 282 
:':...,/ ... 
• • . . 
, \ ." 
. ..,... ~ l" , 
~ 
: 
• 
284 286 
\ 
288 290 292 294 
D.E. / eV 
Figure 51 A high resolution XPS spectrum of derivatised PDVB particles 
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The areas of these peaks can then be used to calculate the surface layer thickness 
using equation 28 below. Equation 28 is a simplified version of equation 27. The 
denominator now contains one term since it is possible to identifY a species in the 
157 
Chapter 4: Results and discussion 
high resolution spectrum that is unique to the particle. Relative sensitivity factors 
cancel since only carbon photoelectrons are considered. 
1 cos8.sin 8.(1- exp[- d. ]).de [ rsf n A. 0 A., sm e 
t= rsf: n: A.: 1Cose.sine.[exp-.~ ].de 
o A., sme 
Equation 28 
where I represents the intensity of the peak, rsf is the relative sensitivity factor, 
including the photoelectron cross-sections, energy analyser transmission and angular 
asymmetry in photoemission. In equation 28, the symbol n is the number density, A 
is the attenuation length, d is the layer thickness, 9 is the take-off angle, subscript c 
denotes the surface layer and subscript s the particle core, and A's is the attenuation 
length of the substrate electrons through the coating. 
A high-resolution spectrum may be curve fitted, and the areas of the resolved peaks, 
corresponding to intensity I for the fluorinated acetate groups and for the carbon 
from the particle core, are used to calculate the layer thickness d. However, the 
curve resolution is a laborious process, mainly because there are so many different 
contributions and because of the number of different chemical environments present 
and the assignment of peak positions. These limitations include ratios such as 
between the acetate and fluorinated acetate groups and between the stabiliser 
backbone and the two acetate groups. Once the curve fitting has been achieved, 
equation 28 may be applied to calculate the surface layer thickness. For example, 
particles of PDVB stabilised by AIcotex 72.5 with D = 0.31 ~ were analysed by the 
high resolution method using equation 28. Results for surface layer thickness and 
area per stabilising chain were d = 4.24 nm and A = 16.4 nm2 respectively, and these 
values are in good agreement with the results shown in Figure 48 obtained by the 
broadscan method using equation 27. 
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4.6.3 Discussion 
Equations 27 and 28 provide reasonable results for d for particle diameters D < 1000 
run. Particles stabilised with Alcotex 35009 contained much less fluorine, and 
because carbon Is peaks were not so well defined it was not possible to obtain an 
acceptable curve fit for the high resolution spectrum for these particles. 
The calculation of the surface coverage ofPVA stabiliser on particles ofPDVB 
produced by dispersion polymerisation has been demonstrated. The 
characterisation method is dependent on the selective reaction oftrifluoroacetic 
anhydride with the alcohol groups present in the Alcotex stabilisers to provide 
trifluoroacetate groups. This chemical derivatisation then permits the quantitative 
characterization of elemental fluorine on particles by XPS. Two treatments based 
on broadscan and high resolution XPS spectra permit the determination of the 
surface layer thickness d and the area A occupied per stabiliser chain. For a series 
of particles containing 55 % DVB produced by dispersion polymerisation in 
methanolic media, consistent results for d and A were calculated for particles with 
both a 35 % and a 72.5 % hydrolysed PV A as the stabiliser. A series of polystyrene 
particles stabilised by the 72.5% hydrolysed PV A stabiliser was also produced and 
showed results that are consistent with the PDVB particles. Trends for the 
dependence of the area occupied per chain and the surface layer thickness as a 
function of particle diameter (D < 1 !lID) were established for both stabilisers. 
4.6.4 XPS on seed/feed particles 
Particles have been produced using a seed/feed polymerisation as described in 
section 3.2.2. Two examples of these particles have been analysed by XPS without 
chemical modification for atomic percentage composition at the surfaces of 
particles. The two dispersions chosen were LA 331 and LA 368. LA 331 used a 
dispersion prepared with ChSty monomer as the seed particles and DVB 55 as the 
feed monomer and LA 368 used a dispersion containing 5 % DVB as the seed 
159 
Chapter 4: Results and discussion 
particles and a Ch Sty as the feed monomer. It was hoped that the percentage 
composition at the particle surfaces would establish whether the Imal core-shell 
particles had core-shell morphology or not. XPS only analyses to the depth of tens 
of Angstroms, and would therefore only give results for the outer shell of the 
particles. 
The XPS results for dispersion LA 331 showed only carbon and oxygen at 
particulate surfaces, and ChSty was not detected by XPS. This proves that the final 
particles constituted from a seed containing chains of ChSty monomer and a feed 
containing DVB 55 did have a core-shell morphology in which the outer thickness 
of the shell is entirely PDVB. With such a high concentration ofDVB, it is 
suggested that on addition ofDVB with adsorption on a seed particle rapid 
crosslinking occurs at the start of the second stage polymerisation. The formation of 
a non-porous film of crosslinked PDVB will ensure only limited mixing of PDVB 
chains with PChSty chains which will be unable to diffuse to the resulting particle 
surface. Subsequent polymerisation of the feed ofDVB 55 will increase the 
thickness of the shell ofPDVB. 
The composition results for LA 368 were not as deImitive. These particles were 
formed from a seed containing 5 % DVB and a feed of Ch Sty monomer. XPS 
results probing the particulate surface indicated that the ratio between carbon and 
chlorine was about 20 : I after the carbon contribution for Alcotex 72.5 in 
proportion to the observed oxygen content had been removed. This may be 
compared with the theoretical ratio of 8 : I if pure ChSty formed the shell of the 
final particle. Therefore, it is suggested that there must be mixing of ChSty 
monomer with chains in the seed particle. Since the seed contains 5 % DVB, 
addition of ChSty monomer at the beginning of the second stage polymerisation 
could generate swelling of the seed which contributes to the increased particle size 
after the feed polymerisation. It is probable that there is a gradient of monomer 
composition as the particle grows, but a pure PChSty outer layer is not achieved. 
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Conclusions 
Dispersions have been produced with partially hydrolysed poly(vinyl acetate)s, 
PEO and PEO macromonomer acting as steric stabilisers in methanolic media. The 
sizes of the particles have been assessed using HDC, a Malvern Mastersizer and 
SEM micrographs. The concentrations of stabiliser, monomer and initiator have 
been varied and the effect on particle size has been investigated. It was found that 
the particle size decreased as the concentration of stabiliser increased, that the 
particle size increased as the concentration of monomer increased and that there 
was no trend for particle size as the initiator increased. The change in particle size 
as the concentration of stabiliser increased was discussed in terms of the initial 
number of nuclei that are stabilised and the amount of mono mer available per 
nucleated particle. The increase in particle size as the concentration of monomer 
increases was explained in terms of the precipitation point for the growing polymer 
chains in solution and the increased amount of monomer available to the growing 
particles. It was concluded that the dispersions stabilised by Alcotex 72.5 in a 75:25 
methanol:water continuous phase gave the best defmed particles with the narrowest 
particle size distributions. However, the particles were significantly smaller than 
those stabilised by the other stabilising systems that had pure methanol as the 
continuous phase. It is possible to produce particles containing DVB in the 
concentration range 5 % - 95 % using A1cotex 72.5 as the stabiliser. 
Particles with A1cotex 72.5 as the stabiliser have been successfully enlarged using a 
seed/feed reaction and core-shell morphology demonstrated. Particles were 
produced using dispersion polymerisation with monomers including styrene, DVB 
and styrenic type monomers as the seed particles. Investigations included the same 
monomers being used as the feed monomers. DVB 55 was found to be a successful 
feed monomer for seed particles produced with styrenic type monomers. It was 
found that particles containing a low percentage ofDVB, generally 5 %, were the 
161 
Chapter 5: Conclusions 
most favoured seed particles and that particles with DVB 55 were not successful 
seed particles. It has also been demonstrated that it is possible to successfully 
perform multiple feed experiments. 
X-ray photoelectron spectroscopy in conjunction with chemical derivatisation using 
TF AA has provided information about the stabilising layer, specifically the layer 
thickness and the area occupied per polymer chain for particles containing 55 % 
DVB and polystyrene particles. It has been shown that the layer thickness decreases 
as the particle diameter increases and the area occupied per stabiliser chain 
increases as the particle diameter increases. The layer thickness for particles 
stabilised by Alcotex 35009 is smaller than that provided by Alcotex 72.5 and the 
area occupied per chain is much larger for Alcotex 35009 dispersions than A1cotex 
72.5 stabilised dispersions. 
5.1 Further work 
For future studies, it would be interesting to investigate the mechanism of particle 
growth, as this is not clearly understood. This may help to explain the lack of an 
increase in particle size as the concentration of initiator increases more clearly. If 
the particles produced here were to be used as a column packing in 
chromatography, it would be of interest to compare their resistance to temperature 
and pressure with polystyrene or lightly crosslinked particles. The OH groups 
present on the Alcotex stabiliser represent an opportunity to introduce some 
functionality to the particles, which could interact specifically with various 
molecules if the particles were used as separation media in applications such as 
medical diagnostics or chromatography. 
Whilst the seed/feed experiments have been successful, further work should 
consider why some styrenic monomers have been successful and others have not. 
An understanding of the production of seed particles together with studies of feed 
monomers, in particular for seed particles based on DVB, is required. The 
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outcomes would be the identification of a wider range of monomers for seed/feed 
polymerisations and the successful production of core-shell morphologies. 
The use of XPS to characterise the stabilising layer on particles could be extended 
to include chemical derivatisation reactions that will specifically react with 
different functional groups, that may be present on other steric stabilisers, and· 
provide an easily detected unique element that can be used to calculate the stabiliser 
layer thickness and area occupied per chain. 
163 
Chapter 6: Appendices 
Appendices 
Appendix 1 
A1cotex 72.5, stabiliser varied 
These micrographs have bar marks that are 2 !lm in length. 
LAI86 LA 187 
LA189 
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Appendix 2 
Alcotex 72.5, monomer varied 
These micrographs have bar marks that are 2 ~m in length. 
LA198 LA199 
LA200 LA201 
LA202 LA203 
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Appendix 3 
A1cotex 72.5, initiator varied 
These micrographs have bar marks that are 2 ~m in length. 
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Appendix 4 
Alcotex 35009, stabiliser varied 
These micrographs have bar marks that are 2 Ilm in length. 
LA 293 LA 294 
LA296 
LA 297 
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Appendix 5 
Alcotex 35009, monomer varied 
These micrographs have bar marks that are 2 Ilm in length. 
LA 305 LA 306 
LA 307 LA 308 
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Appendix 6 
A1cotex 35009, initiator varied 
Dispersions LA 299 & LA 300 have bar marks of 5 ~m and dispersions LA 301, LA 
302 & LA 303 have bar marks of 2 ~m. 
LA 301 
LA 303 
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Appendix 7 
Poly( ethylene oxide), stabiliser varied 
These micrographs have bar marks that are 5 !lm in length. 
LA 448 LA 449 
LA 450 LA 451 
LA 452 LA 453 
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Appendix 7 
Poly(ethylene oxide), stabiliser varied 
These micrographs have bar marks that are 5 /lm in length. 
LA 448 LA 449 
LA 450 LA451 
LA 452 LA 453 
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Appendix 8 
Poly(ethylene oxide), monomer varied 
Dispersions LA 113 & LA 114 have bar marks of 1 /lm and dispersions LA 115, LA 
116 & LA 109 have bar marks of 2 /lm. 
LA 113 LA 114 
LA 115 LA 116 
LA 109 
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Appendix 9 
Poly(ethylene oxide), initiator varied 
These micrographs have bar marks that are 2 !-lm in length. 
LA 100 LA 96 
LA 101 LA 99 
LA 102 LA 103 
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Appendix 10 
PEOIPEO macromonomer, stabiliser varied 
These micrographs have bar marks that are 5 Ilm in length. 
LA 138 LA 139 
LA 140 LA 141 
LA 142 LA 143 
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Appendix 11 
PEOIPEO macromonomer, monomer varied 
These micrographs have bar marks that are 5 f..lm in length. 
LA 118 LA 119 
LA 120 
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Appendix 12 
PEOIPEO macromonomer, initiator varied 
These micrographs have bar marks that are 10 ~m in length. 
LA 129 LA 130 
LA 132 LA 133 
LA 134 LA 135 
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Appendix 13 
Dispersions of increasing percentage DYB prepared using A1cotex 72.5 as the 
stabiliser. 
These micrographs have bar marks that are 2 !lm in length. 
LA 242 (75%) 
LA 244 (55%) LA 245 (45%) 
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LA 246 (35%) 
LA 248(15%) 
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